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Abstract 
 
 
For microelectronics used in the low-temperature applications, the understanding of 
their reliability and performance has become an important research subject 
characterised as electronics to serve under the severe or extreme service conditions. 
Along with the impact from the increased miniaturization of devices, the various 
properties and the relevant thermo-mechanical response of the interconnection 
materials to temperature excursion at micro-scale become a critical factor which can 
affect the reliable performance of microelectronics in various applications. Pure indium 
as an excellent interconnection material has been used in pixellated detector systems, 
which are required to be functional at cryogenic temperatures. This thesis presents an 
extensive investigation into the thermo-mechanical properties of indium joints as a 
function of microstructure, strain (loading histories-dependent) and temperature 
(service condition-sensitive), specifically in the areas as follows: (i) the interfacial 
reactions and evolution between indium and substrate during the reflow process (liquid-
solid) and thermal aging (solid-solid) stages by taking low-temperature cycling into 
account; (ii) determination of the effects of joint thickness and the types of substrate 
(e.g. Cu or Ni) on the mechanical properties of indium joints, and the stress- and 
temperature-dependent creep behaviour of indium joints; (iii) the establishment of a 
constitutive relationship for indium interconnects under a wide range of homologous 
temperature changes that was subsequently implemented into an FE model to allow the 
analysis of the evolution of thermally-induced stresses and strains associated with a 
hybrid pixel detector.  
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CHAPTER 1 — Introduction 
 
 
1.1 Interconnection technologies in electronic packaging 
The purpose of electronic packaging is to protect electronic elements/systems from 
their environments. It also promotes signal distribution, heat dissipation, power 
distribution and physical support/protection of the chips/integrated circuits electrically, 
thermally and mechanically through various interconnection technologies.  
 
Typical electronic systems consist of several levels of packaging, and each level of 
packaging is associated with distinctive types of interconnection technologies, which 
can be divided as follows [1]: 
 
• Level 0: Gate-to-gate interconnection on a monolithic silicon 
chip/semiconductor; 
• Level 1: Packaging of semiconductor into chip carrier, multichip modules 
(MCM), and the chip-level interconnects that join the chip to the leadframes, 
called first-level interconnection; 
• Level 2: Printed circuit board (PCB) level of interconnection in order to connect 
the components to PCBs and for off-the-board interconnection, named as 
second-level interconnection; 
• Level 3: Connections between PCBs; 
• Level 4: Connections between two subassemblies; 
• Level 5: Connections among physically separated systems, such as host 
computer to terminals. 
 
Among these, the first- and second-level interconnections are becoming an important 
subject of study due to the increased demands on electronic functionality, leading to 
rapid development from single-chip into multichip packaging, as shown in Figure 1-1. 
The technologies used in these levels of interconnection are mainly wire bonding and 
CHAPTER 1  Introduction
 
- 2 - 
 
flip chip (FC) interconnection, as illustrated in Figure 1-2. 
 
 
(a) 
 
(b) 
Figure 1-1 Illustration for (a) single chip and (b) multichip modules (MCM) packages [1] 
 
(a) 
 
(b) 
Figure 1-2 Illustration of single chip interconnects: (a) wire bonding and (b) flip chip 
interconnection 
Substrate 
Solder 
Chip Bonding 
pad 
Substrate 
Chip 
Wire bond Bonding pad 
MCM substrate 
Chip Wire bond 
Substrate 
Chip Wire bond 
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1.1.1 Flip chip interconnection 
Flip chip (FC) interconnection (see Figure 1-2 b), which can be an area-array 
interconnection, is becoming a more and more recognized technology in both first- and 
second-level interconnections, in particular, for MCM packaging. The main benefit of 
flip chip technology is to overcome the space limitation of the peripheral limitations 
with wire bonding. For example, at a 70 µm pitch, the maximum number of wirebonds 
on a 10 mm chip is less than 600, whereas for an area array package on the same  
10 mm chip, even at the coarser flip chip bump pitch of 250 µm, the number of I/O 
interconnects available can increase to 1600. According to Rent’s Rule, the number of 
input and output (I/O) terminals required for logic integrated circuits increases with the 
number of gates, which in future may increase well above thousands in a limited chip 
area in order to obtain further integration and compact devices. For such a high density 
of I/O terminals, FC technology is considered to be a more effective interconnection 
technology than wire bonding.  
 
In wire bonding, it is difficult to design the sweep of wires from a chip to the leadframe 
in peripheral packaging to eliminate shorts and minimize inductance between adjacent 
interconnects. FC technology can overcome these and offer shorter interconnection 
lengths and lower inductance. Moreover, in a FC package, the solder interconnects can 
also act as heat sinks because they are attached to the active surface of the silicon and 
are able to draw the heat away from the silicon. Any application that requires a large 
voltage drop of power and ground in the middle of the chip can also gain some 
potential benefits from a FC package [2]. 
 
Figure 1-3 schematically illustrates the materials and their distribution adopted in the 
FC technology. In general, they can be classified into two categories with regard to the 
type of materials: (i) pure metals and their alloys; (ii) conductive adhesives. Most 
interconnection materials used in FC package are deposited selectively onto the bond 
pads. The interconnection can also be achieved by applying the conductive adhesive to 
provide electrical connections through the conductive particles between bonding pads 
on chip and substrates, as shown in Figure 1-3. Thus, different bonding 
technologies/processes have been developed that involve different materials, resulting 
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in various bonding characteristics. For instance, bump bonding is widely used to join 
pure metals, or their alloys, onto a suitable substrate. 
 
 
Figure 1-3 Applications of flip chip technologies [2] 
1.1.2 Bump bonding technology 
The attractive features of bump bonding technologies are presented in Table 1-1 [3]. 
Currently, evaporation and electroplating processes offer the capability to form the 
interconnects with the finest pitch. In terms of interconnection materials, the lead  
(Pb)-based solder alloys have been successfully used in FC interconnection for both the 
first- and second-level packaging for many years with fair coverage in bump bonding 
technologies. The materials and processes to replace Pb-contained soldering are in 
development and becoming available for the FC assembly. 
 
Indium (In) bump bonding exhibits many advantages, for instance, it is capable of  
ultra-fine pitch interconnects (see Table 1-1). The excellent ductility of indium has been 
known for many years, even at cryogenic temperatures [4-6]. Hence, indium-based 
solders are widely used for die attachment/bonding layer as well as solder bumps for 
hybrid packaging in microelectronics [7-8], particularly in cryogenic applications  
(see also Section 1.4). 
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Table 1-1 Bump bonding technologies comparison [3]: 
Min. stands for the minimum; UBM stands for Under Bump Metallurgy 
Bump bond 
technique 
Min. bump 
(μm) 
Min. pitch 
(μm) 
Bump 
material UBM Comment 
Evaporation metallic 
mask  100 250 Pb/S Cr-Cu No fine pitch 
Evaporation resist 
mask 10 20 
Pb/Sn 
In 
Cr-Cu 
Au 
Very fine pitch 
Screen printing 100 150 
Pb/Sn 
Sn/Ag/Cu 
Ti-Ni-Au Most widespread and cheap 
 Stud bumping 
bonding (SBB) 70 45 Au/Pb/Sn No need 
Low throughput; 
No self-alignment 
Electroplating 25 40 
Pb/Sn 
Sn/Ag/Cu 
In 
Cr-Cu 
TiW-Cu-Au 
Ti-Ni-Au 
Tight control 
needed 
Electroless plating 
40 
10 
70 
20 
Ni/Au 
In 
Zn 
Au 
Need for pad 
conditioning 
Conductive 
polymer bumps 100 150 Polymer Polymer 
New; High 
resistance 
 
1.2 Lead-free solders 
The use of lead (Pb) in electronic devices has been prohibited since 2006 [9], except for 
the exceptions, due to environmental concept. However, the hierarchy of applications 
for Pb-based alloys means that requirements for any Pb-free alloys replacing Pb-based 
materials will vary according to the intended application. The interconnection materials 
may be grouped into three categories: 
 
• ‘Soft’ solders: Compared to hard solders, these solders have the advantage of lower 
assembly temperatures in electronic packaging. Examples include the well-known 
pure tin (Sn) and Sn-based alloys, In-based alloys, which have a relatively low 
melting-temperature (T୫ ൎ 423-573 K), and eutectic Sn-Pb alloys (Sn37Pb). 
However, they tend to relax under stress in service, and temperature cycling can 
lead to certain failure mode (e.g. fatigue). 
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• ‘Hard’ solders: In general, these have higher melting temperatures (T୫ ൒ 573 K), 
for instance, gold (Au) and its alloys (e.g. AuSn). They do not undergo stress 
relaxation at service temperatures, but internal stresses induced may be transmitted 
to the semiconductor resulting in the nucleation of cracks in the die. In addition, 
stress may concentrate in the package during the assembly cooling process.  
 
• Adhesives: These can be classified by their chemical basis, which can be divided 
into ‘organic’ and ‘inorganic’ adhesives. ‘Organic’ adhesives are those whose 
active agent is based on organic molecule(s). For example, epoxies and polyimide 
adhesives, which are usually filled with metal (e.g. silver) or dielectric (e.g. 
alumina) particles. ‘Inorganic’ adhesives are those that are based on non-metallic 
compounds of metals and non-metals. One example is silver-glass. These adhesives 
can be weakened by environmental effects (i.e. sunlight and heat). They can also be 
deteriorated or dissolved by solvents [10]. 
 
The transition to Pb-free packing was achieved through research and investigation to 
establish the infrastructure (e.g. materials, manufacturing process, assembly, reliability 
assessment) for the Pb-free materials [11]. Most Pb-free solders under investigation are 
Sn-based alloys, due to their acceptable performance and manufacturability. One such 
alloy is SnAgCu (SAC), T୫ ൎ 490 K, whose melting point is 34 K higher than that of 
Sn37Pb alloy. Attention has been focused on the investigation and optimization of the 
potential issues in electronic components due to increased assembly temperatures  
[12-14]. On the other hand, the pure indium and In-based alloys have been considered 
in many applications due to their low melting temperatures. For example, the melting 
temperature of Sn-In alloy (T୫ ൌ 396 K) is 99 K and 65 K lower than that of SAC and 
Sn37Pb, respectively. However, a reflection of such a low melting temperature is that 
indium solders are mostly operated at a very high homologous temperature even when 
their in-service condition is at room temperature. This could induce microstructural 
change due to relatively fast solid-state diffusion, resulting in potential changes in 
response to the service environment conditions [15]. Hence, one of the concerns about 
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these indium solders is potential environmental influences that can cause 
microstructural change.  
 
So far, the knowledge on performance of these alternative Pb-free materials is still 
considerably less than that of eutectic PbSn solders, and as such needs further 
investigation, particularly with regard to potential issues that may be encountered in 
future interconnections. 
 
1.3 Metallurgical reactions of solder/UBM system 
Wetting is an important surface phenomenon that governs the spreading of liquid on a 
solid surface. For most solder materials, wetting occurs simultaneously with chemical 
reaction between the molten solder and the adjacent solid metal (i.e. UBM). This 
phenomenon is called a wetting reaction. Chemical reactions between solder and the 
base metal can continue during the solid-state stage by means of the diffusion process. 
All these reactions are normally named as interfacial reactions since they occur at the 
interface of solder and the base metal. These reactions lead to the formation and growth 
of intermetallic compounds (IMCs). A good solder joint must form IMC(s) with its 
base metals via these interfacial reactions. However, as mentioned in the case of indium 
solder in the preceding section, these metallurgical reactions in solder joints during the 
assembly and subsequent processing determine the shape, microstructure and 
characteristics of the solder joint that may degrade a joint [16-17]. This is of importance 
because the ratio of IMC volume to the dimension of solder joint could become high 
when a solder joint is miniaturized from macro- to micro-scale or even smaller. This 
could affect the thermo-mechanical and electrical performance of the solder joints 
under application conditions [16]. Thus, the relevant parameters, which could affect 
local intermetallic characteristics and their subsequent evolution, are required for the 
understanding of the interfacial reactions of solder and base metals, i.e. solder/UBM 
system. 
 
Both copper (Cu) and nickel (Ni) are commonly used as wettable metals under the 
solder bump, known as the under bump metallurgy (i.e. UBM). A phase diagram 
containing solder and UBM elements is used to help comprehend the potential reactions 
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and phase formation/transformation at evaluated conditions. Figure 1-4 (a) and (b) 
present the respective constructions of binary phase diagrams for In-Cu [18-19] and  
Ni-In systems [20]. In In-Cu system (Figure 1-4 a), phases Cu7In3, Cu2In and Cu11In9 
can be formed at the corresponding indium concentration range of 28-32, 34-37 and  
43-45 at.% at the temperatures below 573 K (300°C), which is usually the reflow range 
during assembly in electronic packaging. By contrast, the formation of phases In27Ni10 
and In9Ni13 can be observed at the respective indium concentration ranges, 70-71 and 
38-42 at.%, at below 573 K as given in Figure 1-4 (b). 
 
Since the interfacial reaction at the solder/UBM interface is a consecutive process due 
to diffusion process between solder and UBM atoms, the phase diagram can only offer 
limited information. Hence, the study of interfacial reactions in solder/UBM systems is 
always an essential topic in electronic packaging. Several investigations have been 
carried out on the IMC formation and evolution of indium joints with Cu in [21-23] and 
Ni in [22, 24-25] UBMs with different reflow temperatures (473 - 573 K) and the 
subsequent aging temperatures (e.g. 298-373 K). In those studies, Cu11In9 and In27Ni10 
are generally the identified phases at the In/Cu and In/Ni interfaces after reflow, 
respectively. The growth rate of the IMC layer is proportional to the increase in aging 
temperature, but it showed much slower growth in the case of a Ni metallization layer.  
 
Solder wetting during reflow always results in consumption of the base metals due to 
chemical reactions between the solder and base metal (i.e. UBM). Hashimoto et al. [6] 
investigated the wettability and dissolution of pure indium on different metallization 
materials. Their results showed Cu with a thickness of 0.1 μm dissolved into indium in 
less than 20s whereas Ni film with the same thickness as Cu had no dissolution after 
720s at the same temperature condition. Thus, Ni is preferable as the metallised layer of 
the UBM, since it minimizes the UBM consumption.   
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(b) 
Figure 1-4 Binary phase diagram for (a) Cu-In system [16-17]: α, β, γ and δ stand for solid solution 
of Cu, phase Cu4In, Cu7In3 (high-temperature form) and Cu7In3 (low-temperature form), while η׳ 
and η denote phase Cu2In in the respective high- and low-temperature form; (b) Ni-In system [18]: 
δ and ξ denote the respective InNi and InNi2 phase in high-temperature form. 
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1.4 Electronics for low-temperature applications 
1.4.1 Definition of low temperature 
There is no consistent definition for low temperature as applied to the application of 
electronics. Kent et al. [26] defined low-temperature for electronics to be cryogenic 
temperatures, i.e. those associated with the use of liquefied gases, for example the 
boiling points near to or below the boiling point of liquid nitrogen (76 K). Hands et al. 
[27] described ‘cryogenic’ and the corresponding prefix ‘cryo’ was to refer to ‘all 
phenomena, processes, techniques or apparatus occurring or used at temperatures below 
120 K approximately’, that is, around or below the normal boiling point of liquefied 
natural gas. However, ‘low temperatures’ as applied to electronics are those lower than 
can be obtained by using conventional refrigeration techniques. 
 
The most widely used liquids, in the order of descending boiling point, are liquefied 
natural gas (LNG), liquid oxygen (LOX), liquid nitrogen (LN2), liquid hydrogen (LH2) 
and liquid helium (LHe). However, towards the lower end of the temperature range, 
with the temperatures being below 1.5 K, it becomes more interesting in terms of 
fundamental ‘physics’ rather than ‘engineering’ aspects. 
 
1.4.2 The use of electronics at low temperatures  
Low temperatures are widely used in the study of quantum phenomena in condensed 
matter since the quantum-mechanical nature of the system becomes distinctive at low 
temperatures, especially for semiconductor materials [27]. Superconductivity is another 
major research topic, which is also associated with low-temperature application [6, 28], 
for instance, the ‘Josephson Effect’ opened new prospects in the precise determination 
of voltage, in the measurement of very small magnetic fields and in radio frequency 
(RF) applications [5, 29]. Also, low temperatures are usually applied for storage,  
e.g. for large quantities with lower weight (densification), such as rocket fuel, or 
keeping biological materials stabilised [27]. In scientific research, liquefied gases are 
applied to cool and maintain the high functionality of optical detectors  
(e.g. hybrid pixel detector system) [30].  
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1.5 Temperature-dependent reliability of solder joints in 
electronic packages 
Reliability, defined as the ability of a device to fulfil its intended function, is often 
expressed in terms of number of years of service life. Reliability-related failures render 
the device non-operational due to damage caused by a failure mechanism, actuated 
normally by external and internal loadings, e.g. stresses. The temperatures at which an 
electronic device is to serve are always a major factor affecting the reliability of 
electronic devices. In particular, the large chips with more I/Os are highly demanded in 
the electronics industry in order to achieve highest packaging density.  
 
When an electronic device is subject to temperature changes, the natural thermal 
expansions of the materials in the packages are constrained due to the CTE difference 
between the materials. Thermal stresses induced from CTE mismatches cause a degree 
of mechanical strain within the whole package. Steady-state temperature, temperature 
cycles, temperature gradients, and time-dependent temperature change will all affect 
the reliability of electronic devices, and some identified failures are summarized as 
follows: 
 
• Thermal fatigue and low thermal cycling durability, which result from  
thermo-mechanical stresses induced by temperature excursions. The device’s on/off 
power switching and cyclic environmental changes can cause temperature excursions.  
• Degradation due to temperature aging and consequent IMCs growth. Excessive 
IMC growth leads to degradation in the mechanical strength of solder joints. 
 
The thermo-mechanical analysis of solder joints in an electronic package is a key 
contributor to the evaluation of the reliability of electronic devices and can be used to 
predict potential failure in-service conditions. The mechanical properties of solder 
materials and the IMC characteristics under variable temperatures play a critical role in 
such assessment. Hard solders can present reliability problems due to the mismatch of 
CTE, whilst soft solders (e.g. indium and In-based solders) can fail due to fatigue and 
creep during temperature excursion. Since most of the alternative Pb-free solders used 
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in modern electronic devices are soft solders, thermal fatigue during thermal cycling is 
always an important subject.  
 
1.6 Research motivation 
Reliability assessments of electronic packages are often carried out at temperatures 
between 220 K (-55 °C) and 423 K (150 °C). Operating temperatures may be as low as 
219 K (-54 °C) for ground vehicles, civil structures and aircraft, in general service 
conditions. In contrast, as discussed in Section 1.4, further lower temperatures apply at 
110 K (-163 °C) for natural gas storage and transport, 76 K (-197 °C) for liquid 
nitrogen as storage and cooling media in scientific research, 20 K (-253 °C) for 
aerospace structures, and 4 K (-269 °C) for superconducting electrical machinery. 
Reliability assessments under such extreme service conditions become a real challenge, 
and have not been widely investigated. Therefore, understanding of reliability under 
such low temperatures is currently imperative. 
 
There have been some experimental investigations on solder materials and techniques 
that are related to electronic packaging for low-temperature applications, as 
summarized in Table 1-2 [35]. In particular, the studies of the mechanical properties of 
several classic soft solders have been conducted, such as In-based materials. However, 
most of the low-temperature properties are either obtained through indirect 
measurement (e.g. electrical resistance) or using the bulk materials, which may not 
reflect the true micro-scale solder joints due to different microstructures (i.e. IMCs) 
[36-37]. Additionally, the bulk specimen can be viewed as statistically homogeneous 
and isotropic, while solder joints may have to be treated as anisotropic since the failure 
and fatigue of each grain has a significant influence due to the smaller size. Thus, 
caution should be taken to apply the mechanical data obtained from bulk specimens to 
analyze the behaviour of solder joints. Nevertheless, there has been little work on the 
IMCs characteristics and thermo-mechanical modelling of solder materials involving 
low temperatures.  
 
As stated in the previous sections, indium (melting point 429 K) has been used as an 
interconnection material in low-temperature applications due to its mechanical and 
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thermal properties (see Section 1.4). However, the potential thermal stress induced by 
temperature change can be a serious problem for electronics, in particular in the 
interconnections. Research into the reliability of indium as interconnection materials 
[31, 33-34] implies that thermal fatigue cracking of indium during thermal cycling can 
be a critical factor affecting the reliability, which can be associated with the IMCs 
characteristics at the interface. In the present work, the aim is to investigate the  
thermo-mechanical behaviour of indium joints used for low-temperature applications, 
which can help to understand the reliability issues, thus suggest a possible optimization 
to enhance the overall reliability in the application.  
 
Associated with the hybrid pixel detector with high-density I/Os and ultra-fine pitch, 
this research has established the interrelationship between thermo-mechanical 
properties of indium joints and the microstructure (IMCs), strain (mechanical histories-
dependent) and temperature (service condition-sensitive). Both experimental study and 
finite element analysis (FEA) have been utilised to understand the reliability-related 
performance, including the fatigue performance due to thermal cycling.  
 
1.7 Thesis structure 
This thesis contains four main sections (as illustrated in Figure 1-6): (i) the research 
background and literature review, (ii) experimental results, (iii) finite element 
simulation, and, (iv) summary. The literature review section (Chapters 1-3) reports: the 
research background and the context (Chapter 1), the fundamental theories of 
temperature-dependent mechanical properties and deformation behaviour of metals and 
alloys followed by a review of experimental studies on indium from the literature 
(Chapter 2), then the thermo-mechanical models used in describing the deformation of 
solder materials in thermal stress and strain analysis of electronic packaging  
(Chapter 3).  
 
The following two sections (Chapters 4-7) present the main results gained from this 
research. Chapter 4 reports on the experimental investigations and characterization of 
intermetallics of indium joints, considering joint thickness and substrate type, as well as 
the response to low-temperature cycling. Chapter 5 focuses on the mechanical tests of 
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indium joints. In this chapter, the plasticity and creep are evaluated by considering the 
joint size, substrate type and temperature range. Based on the mechanical results in 
Chapter 5, a constitutive equation for indium joints is proposed and implemented in a 
finite element simulation (Chapters 6-7) as a case study: the thermo-mechanical 
behaviour of indium joints used in a hybrid pixel detector (Medipix 3) is evaluated 
under various thermal histories. Each of these chapters follows a similar outline or 
structure: firstly the background introduction, followed by the methodology used, then 
the main findings and discussions, and finally conclusions. Chapter 8 serves to 
summarize the major findings of the thesis and recommendations for future work. 
 
  
Table 1-2 Low-temperature information of solder materials [35]: 
Notes: RT= room temperature; ■= more data available, □= less data available 
Materials Temperature/ °C Thermal cycling 
Mechanical 
properties 
Fracture/ 
interface 
analysis 
Thermal/ 
mechanical 
modelling 
Coefficient of 
thermal 
expansion 
Microstructure Comments 
‘Soft’ solder 
Pb, Sn  PbSn -269, -19  ?      Electrical resistivity 
SnPb -196 to RT  ?      
PbSn -269  ?      
PbSn -196 to RT ?  ? ?   Joint resistance 
SnPb, SnPbAg, 
SnAg -200 to +150  ?      
PbSn, PbSnAg, 
SnAg -200 to +150  ? ?     
SnPb, SnPbAg, 
SnAg, InPb -269  ?      
Sn, SnPb, SnSb, 
PbSnAg -250 to +200  ?      
PbSn, SnSb, 
SnAgSb -150 to +200  ?      
  
Materials Temperature/ °C Thermal cycling 
Mechanical 
properties 
Fracture/ 
interface 
analysis 
Thermal/ 
mechanical 
modelling 
Coefficient of 
thermal 
expansion 
Microstructure Comments 
PbSn, PbAg, 
PbSnAg -182, -59, -29, RT  ?      
PbSnAg -140, -100, RT  ?  ?   Fatigue 
Sn, SnPb, PbAg, 
PbAgIn, PbAgSn, 
SnAg, SnSb, PbIn, 
PbAgSb, SnPbSb, 
-130 to +150  ?      
In -196 to RT ?      CTE of substrate and chips 
In -269, -197, RT  ?    ? Creep 
In -273 to RT  ?   ?  Electrical resistivity 
InSn -269 to -196  ? ?    Aging 
InSn -269, -196  ?    ?  
InBiSn -269 to RT ?  ?    Joint resistance, fluxes 
InBiSn -269 ? ? ?   ? Joint resistance 
InBiSn, InSn -196 toRT ? ? ?  ? ?  
In, InBi, InBiSn -196, RT  ?      
  
Materials Temperature/ °C Thermal cycling 
Mechanical 
properties 
Fracture/ 
interface 
analysis 
Thermal/ 
mechanical 
modelling 
Coefficient of 
thermal 
expansion 
Microstructure Comments 
In, InPb, InSn, 
SnPb -196 to RT ? ?     
Wetting, power 
cycling, joint 
resistance 
In, SnPb, InSn -196 to RT ?   ?   CTE 
InSn, InSnAg, 
InSnAgZn,  -200 to +100  ?      
‘Hard’ Solders 
AuSn -196 to +135/+160 ?  ?     
AuSn -196 to +160 ? ?RT only ? ?   
Low- and high-
temperature 
storage 
AuSn -196 to +262  ?     
Data for 
intermetallic 
compounds only 
Organic Adhesives 
Epoxies 
(conductive & 
Insulating) 
-138 to RT ? ?RT only   ?   
Epoxy 
(conductive) -196    ?   
Measurements on 
test assembly 
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CHAPTER 2 — Temperature-dependent mechanical 
properties of metals and alloys 
 
 
2.1 Introduction 
The mechanical properties of a material describe relations between stresses acting in 
the material and the respective deformation: when a solid is loaded, the resultant 
deformation is initially elastic, with a specimen retaining its original state as the load is 
removed. If, however, the applied load exceeds the yield stress, the material deforms 
plastically, and the strain so produced is not recoverable after unloading. Thus, general 
aspects of the mechanical properties of materials are related to elastic and inelastic 
deformation. There are commonly four deformation modes depending on the type of 
applied load: tension, compression, shear and torsion. Taking the tensile mode as an 
example, the general parameters describing the mechanical properties of the material 
will be: the Young’s modulus (E), which represents the capability of elasticity; yield 
stress (σ୷) which stands for the transition between elastic and plastic deformation, and 
ultimate tensile strength (UTS) which presents the maximum strength in the 
engineering stress-strain curve, when a neck starts to develop in the material during 
tension. In a tensile test, the strain, ε, increases with the applied load (P) or the stress 
(σ), by the value of the Young’s modulus as long as loading is within the elastic limit. 
After the elastic limit (yield point), materials behave inelastically. The strain then 
increases with the applied stress following a non-linear relation before achieving the 
maximum strength, called strain-hardening.  
 
Figure 2-1 demonstrates a typical engineering stress-strain curve to present these 
mechanical parameters of a material. Points 1 to 3 present the material’s elasticity; 
Points 3 to 5 represent the strain-hardening stage of plastic deformation. In addition, the 
method of determining the ‘proof’ stress [1] (also known as the ‘offset yield’ stress) is 
introduced as well, namely when the transition from elastic to plastic deformation takes 
place so smoothly that it is impossible to define a unique yield stress. The ‘proof’ stress 
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is defined as the stress required to produce a certain degree of permanent plastic strain, 
for example, 0.2%. As shown in Figure 2-1, a line is drawn from the relevant strain, for 
example 0.2%, parallel to the elastic loading line until it intercepts the stress-strain 
curve. The 0.2% proof stress is then read from the ordinate. 
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Figure 2-1 Typical stress-strain curve to present mechanical behaviour of materials [1] : 1- true 
elastic limit; 2- proportionality limit; 3- elastic limit (yield stress); 4- offset yield stress (proof 
strength); 5- ultimate strength. ۳ is the Young’s modulus, ۾ is the applied load, ۯ is the specimen’s 
cross-section area 
As stated in Chapter 1, the materials used in packaging play critical roles in the 
functioning and reliability of a packaged electronic system. It was noted that thermal 
stresses induced in electronic packaging during service determine the reliability of 
electronic devices. Therefore, mechanical design plays an important role in electronic 
packaging in order to improve performance under actual service conditions. Thus, the 
general aspects of temperature-dependent properties of metals and alloys are 
highlighted in this chapter. The latest information on the temperature-dependent 
properties of pure indium reported in literature is also discussed here, including at low 
temperatures. Since the deformation behaviour of a material is the result of atomistic 
processes, possible deformation mechanisms for pure metals and alloys, which are 
governed by such processes under various conditions, are also briefly considered in this 
chapter. In view of the macroscopic aspects, the deformation mechanism of a material 
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can be introduced as a function of stress, strain rate and temperature. The relevant 
equations corresponding to each deformation mechanism are also included. 
 
2.2 Temperature dependence of mechanical properties 
2.2.1 Elasticity 
An elastic modulus relates to various fundamental solid-state phenomena, resulting in 
different elastic moduli required to best describe particular mechanical deformation. 
For instance, E is normally used to present extension in a tensile test. Besides, several 
additional elastic moduli: bulk modulus (K), shear modulus (G) and compressibility (β) 
best describe dilatation, shear and pressure change, respectively. The Poisson’s ratio, v, 
is not an elastic modulus, but a dimensionless ratio of two elastic compliances. In most 
solids, stiffness (e.g. Young’s modulus) increases, whereas elastic compliances and the 
Poisson’s ratio decrease with the decline of temperature. For a polycrystalline material, 
v is bounded by 0 and 0.5 [2]. Such values mean that a material tends to maintain 
constant volume during uniaxial deformation. For homogeneous isotropic (similar in all 
directions) materials, their elastic properties can be fully described by two elastic 
moduli, and one may choose any pair. Table 2-1 summarizes the relationships among 
all the primary elastic moduli. 
 
The effect of temperature on elastic modulus is closely related to its influence on the 
expansion coefficient. In general, studies [4] show that a metal contracts as the 
temperature reduces because the anharmonic vibration of its atoms about their mean 
positions cause a decrease in the inter-atomic spacing, in turn leading to an increase in 
the elastic modulus. Hence, in general, the elastic moduli of metals and alloys increase 
with a decrease in temperature, and decrease with its increase. Kim et al. [5] 
investigated the elastic moduli of polycrystalline indium for a temperature range from 5 
to 300 K as given in Figure 2-2. Apparently, the elastic constants of pure indium show 
a regular temperature-dependent behaviour for pure metals. However, a comparison 
among these constants shows that the Young’s and shear moduli presented the largest 
change, increasing approximately 55% when the temperature fell from 300 to 5 K. Thus 
the temperature-dependent elasticity of pure indium should be an important factor to be 
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considered in thermal stress analysis of electronic packaging if an indium joint is 
exposed to a wide range of temperatures. 
Table 2-1 Relationship between elastic moduli [3]: Young’s modulus (۳), shear modulus (۵), 
Poisson’s ratio (ܞ), bulk modulus (۹) 
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Figure 2-2 Variation of elastic moduli with temperature of polycrystalline indium [5]: ۵- shear 
modulus; ۱ܔ- longitudinal modulus; ۳- Young’s modulus; ۹- bulk modulus; ܞ- Poisson ratio  
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2.2.2 Plasticity 
2.2.2.1 Flow rule 
Inelastic deformation beyond the yield point can be divided into time-independent and 
time-dependent plastic deformation (e.g. creep) in view of time scale. Plasticity in this 
section is used mainly for the time-independent behaviour, which results from 
relatively high loading rates. Once the elastic limit of a metal has been exceeded, 
permanent plastic deformation takes place. The three principal stages in the plastic 
deformation of a metal or alloy exposed to an applied stress are the initial yield (yield 
stress), strain-hardening and the subsequent saturation (ultimate strength).  
 
As shown in Figure 2-1, most metals and alloys strain-harden in the plastic region, 
meaning that stresses higher than the initial yield stress are required to increase the 
strain/deformation. A uniaxial stress-strain curve with non-linear hardening is 
illustrated in Figure 2-3, with the schematic demonstration of the initial yield surface 
and the subsequent expanded yield surfaces due to hardening. In this case, the 
subsequent yield surfaces expanded, retaining the shape, compared with the initial state, 
showing the isotropic behaviour of the expansion, referred to as ‘isotropic hardening’. 
For example, the load point moves in the σଶ direction from zero until it meets the initial 
yield surface by loading in the 2-direction. As σଶ  increases, the yield surface must 
expand due to the occurrence of the hardening. Thus, the yield function can be 
described as [6-7] 
 
 σ୷൫ε୮൯ ൌ σ୷୧ ൅ r൫ε୮൯ , (2-1) 
 
where σ୷୧ is the initial yield stress and rሺε୮ሻ is a hardening function with the variable 
of accumulated plastic strain, ε୮ , which can be a constant, a linear function or a  
power-law function.  
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Figure 2-3 Isotropic hardening in which the yield surface expands with plastic deformation and the 
corresponding uniaxial stress-strain curve [6]  
There are two common mathematical equations used to describe the strain-hardening 
phenomenon in the stress-strain curve for metals and alloys [8]. One is the Hollomon’s 
equation written as a power-law form as follows  
 
 σ ൌ φε୮N , (2-2) 
 
while the Ludwik’s equation is similar but includes the yield stress (σ୷) 
 
 σ ൌ σ୷ ൅ φε୮N , (2-3) 
 
where N is the strain-hardening exponent and φ is the strength coefficient. The value of 
the strain-hardening exponent usually lies between 0 and 1. A value of 0 means a 
material is perfectly plastic. Most metals have a value between 0.1 and 0.5. 
 
2.2.2.2 Temperature-dependent mechanics 
The yield, plastic flow and fracture characteristics of metals and alloys can be distinct 
due to different microscopic deformation systems, which are attributed to various 
lattice structures. Wigley [9] reviewed and summarized the effect of temperature on 
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various stages of plastic flow of metals and alloys by considering three main crystal 
structures - face-centred-cubic (f.c.c.), body-centred-cubic (b.c.c.) and hexagonal-close-
packed (h.c.p.) - as follows: 
 
• For f.c.c. metals in general, the yield stress changes little with temperature. The 
strain-hardening rate increases strongly as temperature falls, and the ultimate 
strength rises accordingly. Consequently, the ratio of ultimate strength to yield 
stress increases as the temperature decreases; 
• For b.c.c. metals, in contrast to f.c.c. metals, the yield stress increases steeply at 
low temperatures. However, the effect of temperature on the strain-hardening 
rate and ultimate strength is opposite to that demonstrated by the yield stress: 
the strain-hardening rate either remains the same or decreases as the temperature 
reduces. In turn, the curve of ultimate strength versus temperature runs either 
approximately parallel to that for the yield stress or converges towards it as the 
temperature decreases. It is well recognized by the transition of the failure mode 
from ductile to brittle during the cooling process [10];  
• For h.c.p. metals, the mechanical properties are critically dependent on their 
lattice axial length ratio ( c a⁄ ) and purity, but, in general, occupy an 
intermediate position between the other two structures. 
 
Although the crystal structure of indium is commonly known as face-centred tetragonal, 
it actually behaves like f.c.c. metals with respect to the strain-hardening behaviour. In 
the study of the tensile behaviour of indium, Reed et al. [11] measured the strain-
hardening rate during deformation at 4, 10, and 76 K. They identified that  
low-temperature stress-strain characteristics of pure indium follow Equation (2-2) with 
the strain-hardening exponent (N) being 0.64 at 4 and 10 K, and 0.51 at 76 K. This 
corresponded very closely to the value for f.c.c. metals (e.g. copper and aluminum) at 
equivalent homologous temperature (T T୫⁄ ). Meanwhile, Reed et al. [11] obtained 
stress-strain curves of pure indium at 4, 10, 76 and 295 K (Figure 2-4); under the same 
strain rate, the average yield stress was 0.93 MPa at 295 K, 2.8 MPa at 76 K and  
3.09 MPa at 4 K. 
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Figure 2-4 True stress vs. true strain for indium at 4, 10, 76 and 295 K, respectively [11] 
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Figure 2-5 Effect of temperature on ultimate strength and yield stress of pure indium [11] 
CHAPTER 2  Temperature-dependent mechanical properties of metals and alloys
 
- 31 - 
 
Accordingly, ultimate strength was 1.6, 15.0 and 32.0 MPa. As can be seen in the plot 
of tensile characteristics (yield stress and ultimate strength) versus temperature in 
Figure 2-5, it is consistent with the general relationships for f.c.c. metals stated above. 
 
2.2.3 Viscoplasticity and creep 
2.2.3.1 Viscoplasticity 
Inelastic deformation in crystalline solids is, in general, rate-dependent. Viscoplasticity 
describes rate-dependent plasticity in solids, in which crystallographic slip is the 
dominant process. An important difference with rate-independent plasticity is that the 
load point may lie outside of the yield surface, including the initial yield surface and 
subsequent yield surfaces. Figure 2-6 schematically illustrates the viscoplasticity 
response via the stress-strain curve and the corresponding yield surfaces, which is 
assumed to be linear isotropic hardening (rሺε୮ሻ in Equation (2-1) is a linear function). 
At the loading point marked on the yield surface in Figure 2-6, for the case of  
time-independent plasticity, the resulting stress-strain curve could be described by 
Equation (2-1) denoted by the dashed line. However, the stress was augmented, as 
shown by a solid line, due to the contribution of viscous stress (σ୴). 
 
Figure 2-6 Schematic for viscoplasticity with linear isotropic hardening and viscous stress and 
corresponding stress-strain curve [6]  
Various researchers have carried out experimental studies to investigate the rate- and 
temperature-dependent stress-strain response of lead-free solders in bulk as well as in 
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the form of solder joints, including pure indium [12-14]. They have used a wide range 
of strain rates and temperatures to evaluate their effect on the properties of solder joints, 
such as the Young’s modulus, yield stress and ultimate strength. All of these 
experimental results showed similar effects: an increase in the Young’s modulus, yield 
stress and ultimate strength with the increase in strain rate, while an increase in 
temperature indicates, generally, an opposite effect. 
 
2.2.3.2 Creep 
Creep, considered as time-dependent plasticity, is illustrated for a pure metal by the 
constant-stress curve as shown in Figure 2-7. When the test specimen is subjected to a 
constant load, the initial and instantaneous response includes elastic and  
time-independent plastic flow. Then creep proceeds in three main stages. Primary creep 
occurs when the material undergoes hardening through changes in the substructure, for 
example, an increase in dislocation density. Secondary, or steady-state, creep is 
achieved when hardening is balanced by a thermal recovery processes. Eventually, 
necking emerges and propagates until it leads to fracture; this regime is termed tertiary 
creep. 
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Figure 2-7 Total creep strain vs. time of typical creep test under constant stress, T > 0.5 Tm 
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During primary or transient creep, metals strain-harden. The strain rate decreases over 
time, as hardening of the metal becomes more difficult. In general, the primary creep 
strain can be expressed as a logarithmic function of time, i.e. [15]  
 
 εୡ
୮ ൌ Aଵln ሺBtሻ୫ , (2-4) 
 
where Aଵ is a temperature-dependent constant, and B and m are constants. The creep 
rate remains almost constant in the second region of the creep curve, called steady-state 
or secondary creep. The steady-state creep rate for this region can be calculated by the 
slope of the secondary creep curve in Figure 2-7 
 
 εሶୱୱ ൌ
dε
dt
 (2-5) 
 
where εሶୱୱ  is the steady-state creep rate. For most metals, secondary creep is the 
dominant deformation mode at temperatures above 0.5 T୫.  
 
The magnitude of creep depends strongly on temperature; it is a thermally activated 
process. At temperatures below around 0.3 T୫, no thermal recovery process could be 
observed [16-17]. Thus, the creep strain rate of metals and alloys drops off rapidly since 
the creep deformation work-hardens the metal. Alternatively, the creep strain rate 
stabilizes and becomes a linear function of time (steady-state creep) with the increasing 
temperature due to the occurrence of the thermal recovery process at higher 
temperatures, which is of importance in engineering applications, for example, in 
electronic packaging. 
 
From a cryogenic point of view, creep is negligible at ambient temperatures low enough 
for metals around 0.3 T୫ and for alloys about 0.4 T୫ [16, 18-19], because steady-state 
creep is not reached, whereas the strain induced in primary creep is small. However, 
failures were verified in the application of pure indium as an interconnection material at 
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low temperatures due to a combination of steady-state creep and the differential 
coefficient of thermal expansion [9, 11, 20].  
 
Reed et al. [21] measured tensile creep strain of pure indium under constant loads at 4 
and 76 K. The steady-state creep rate was determined under different applied stresses at 
both temperatures as well. A comparison of initial creep strain under the applied stress 
at 4 and 76 K (Figure 2-8) supports the conclusion for the stress-strain curves of indium 
[11]: yield stress was insensitive to temperature in the tested range since the same stress 
was approached at zero strain for both temperatures. Meanwhile, more strain-hardening 
was observed in bulk indium at 4 K than at 76 K. 
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Figure 2-8 Effect of applied stress at 4 and 76 K on the square root of initial creep strain [21]  
The effect of applied stresses on primary creep at 76 K (Figure 2-9) implies that 
primary strain required more time to stabilize at higher loads. In contrast, the primary 
strain region was completed earlier at 4 K than at 76 K with less transient creep at 
equivalent stress as shown in Figure 2-10. Additionally, linear relationships between the 
steady-state creep rate and applied stress (Figure 2-11) suggested that the steady-state 
creep could dominate the deformation process of pure indium even at low temperatures.  
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Figure 2-9 Primary stage of creep of pure indium at 76 K under different stresses [21] 
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Figure 2-10 Effect of temperature on primary creep of indium under different applied stresses [21] 
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Figure 2-11 Influence of applied stress on steady-state creep rates at 4 and 76 K [21] 
2.2.4 Thermal expansion 
Any material exposed to temperature change during its operation undergoes a change in 
the dimensions, referred to as thermal expansion, because the mean interatomic 
distance changes with energy. Similarly, any structure that operates with a temperature 
gradient also requires knowledge of thermal expansion. Since dimensional changes 
differ due to different thermal expansion of different materials, they result in stresses in 
the structure. 
 
 
Figure 2-12 Schematic of relationship between potential energy of two atoms and interatomic 
distance [22]  
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The majority materials (except pure bismuth, Bi, and iron, Fe) contract when cooled 
with regard to its minimum potential energy between two atoms as a function of the 
separation distance between them. Figure 2-12 schematically illustrates this function 
[22], which is the result of the balance between the coulomb attraction and the 
interatomic repulsive forces. So, for example, the equilibrium atomic separation at 
absolute zero is r଴, but it shifts by ∆r to the mean separation distance, r, as the energy is 
raised. Thus, the mean interatomic spacing of a material changes as the temperature is 
raised, resulting in a change in length. In general, the length of a specimen is a smooth 
function of temperature, LሺTሻ, with the normalized derivative defined as the coefficient 
of linear thermal expansion (CTE), α, as 
 
 αሺTሻ ൌ
1
L
dLሺTሻ
dT
, (2-6) 
 
If the coefficient of thermal expansion is nearly constant and a smooth function of the 
temperature in the temperature interval, then the average α for the temperature range 
can be defined as αഥ. Then, Equation (2-6) can be simplified as 
 
 
LሺTଶሻ െ LሺTଵሻ
LሺTଵሻ
ൌ αഥ∆T , (2-7) 
 
where LሺTଵሻ is the original length of the specimen, and LሺTଶሻ is the final length after 
the temperature changes from Tଵ  to Tଶ . However, in general, the linear thermal 
expansion can be obtained via 
 
 ∆L
L
ൌ αഥ∆T . (2-8) 
 
For metals, a wide range in expansion is recognized from the fairly wide variety of 
atomic structures. 293 K is the temperature for the reference length, the magnitude of 
the expansion can vary from a total contraction to near zero of about  
0.7% to less than 0.1% [22]. By contrast, most alloy systems behave very much alike 
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since alloying constituents do not alter the basic atomic bond behavior. Moreover, most 
structural materials are made from cubic base metals. Swenson [23] investigated the 
coefficient of thermal expansion of indium within a temperature range from 300 to 4 K 
based on the correction data for the total linear thermal expansion, dL/Lଶ଻ଷ, shown in 
Figure 2-13. The results indicated that thermal expansion of pure indium changed by a 
magnitude close to 0.75% when the temperature decreased from 300 K to absolute zero, 
choosing 273 K as the temperature for the reference length. 
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Figure 2-13 Total liner thermal expansions of indium with temperature at zero pressure [23]  
2.3 Deformation mechanisms 
In the previous section, the general aspects from the literature of mechanical properties 
of metals and alloys as well as the relevant properties for pure bulk indium were 
introduced with regard to temperature based on the literature. However, deformation 
under either external forces or temperature changes is a kinetic process, determined by 
the mechanisms, to which the atomistic processes contribute. Atomistic processes 
involved in the deformation mechanisms are as follows [16]: glide-motion of 
dislocation lines; their coupled glide and climb; diffusion flow of individual atoms; 
relative displacement of grain by grain boundary sliding; mechanical twining  
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(e.g. twining dislocation). The macroscopic variables are stress, strain, strain rate, 
temperature and microstructure during deformation of a material. A number of 
constitutive equations haven been formulated to describe the deformation mechanism 
of a material in terms of the relation between the stress acting on the material and its 
resulting deformation based on these variables. To simplify, each mechanism of 
deformation can be described by a rate equation, relating a strain rate εሶ  to stress σ, 
temperature T, and the microstructure of the material at that instant [7, 16] 
 
 εሶ ൌ f൫σ, T, S௜, P௝൯ , (2-9) 
 
where the set of ݅  quantities S௜  are the state variables which describe the current 
microstructure state of the materials. The set of ݆  quantities P௝  are the material 
properties: lattice parameter, atomic volume, bond energies, and diffusion constants, 
which can be regarded constant for the same material. By introducing reasonable 
assumptions for the state variables S௜, the mechanism can be simplified into a single 
equation 
 
 εሶ ൌ fሺσ, Tሻ. (2-10) 
 
since, for a given material, the state variables are generally either constant or dependent 
on σ and T. Therefore, Frost et al. [24] suggested a diagram (Figure 2-14) with the 
main axes of normalized stress (σ µ⁄ ) and homologous temperature (T T୫⁄ ) to display 
the relationship in Equation (2-10), where ߤ  represented the elastic modulus of a 
material. For instance, it stands for the Young’s modulus in tension and otherwise for 
the shear modulus in shear. The diagram is divided into fields, which schematically 
indicate the regions of stress and temperature where each of the deformation 
mechanisms is dominant. Figure 2-14 demonstrates the possible construction of the 
major deformation mechanisms for metals and alloys: collapse at the ideal strength 
(plasticity), power-law creep and diffusional flow. 
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Figure 2-14 Construction of a deformation-mechanism map for metals and alloys: the field 
boundaries are the loci of points at which two mechanisms (or combination of mechanisms) have 
equal rates [24] 
At high-stress levels, plasticity by dislocation slip is the dominant mechanism over all 
the homologous temperature range. Above the theoretical strength, elastic deformation 
ceases and the crystal structure of the material becomes mechanically unstable. As 
stated in Section 2.2.2, the plasticity or elastic collapse in this region corresponds to the 
yield stress, which is related to the state of strain-hardening at a given T and εሶ . 
 
At intermediate-stress levels, materials show rate-dependent plasticity, or creep. In this 
region, only steady-state creep is considered. Above 0.3 T୫ for pure metals, and about 
0.4 T୫  for alloys, this dependence on strain-rate becomes much stronger. The 
dislocation creep usually occurs in this regime through the diffusion-controlled 
dislocation movement. This is also called power-law creep since a power-law form can 
generally express the plasticity of the materials under this regime 
 
 εሶୱୱ ן ሺ
σ
µ
ሻ୬ , (2-11) 
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where n  is a steady-state stress exponent and εሶୱୱ  is a steady-state creep strain-rate, 
which depends strongly on temperature and stress. As just mentioned above, creep in 
this regime is a diffusion-controlled process. In general, lattice self-diffusion is the 
dominant process above 0.6 T୫; the transition to pipe diffusion (self-diffusion along 
dislocation cores) could occur below some 0.6 T୫ . Frost et al. [16] proposed the 
following rate equation to describe power-law creep by taking the diffusion mechanism 
into account 
 
 εሶୱୱ ൌ
AଶDୣ୤୤µb
RT
ሺ
σ
µ
ሻ୬ , (2-12) 
 
where Dୣ୤୤  is an effective diffusion coefficient of the combination of both lattice 
diffusion and pipe diffusion. b and R stand for magnitudes of the Burgers’ vector and 
the universal gas constant, respectively, and Aଶ is a dimensionless constant depending 
on the diffusion mechanism. The contribution of both diffusion mechanisms is included 
by defining an effective diffusion coefficient (Dୣ୤୤) as 
 
 Dୣ୤୤ ൌ Dୱୢfୱୢ ൅ D୮f୮ , (2-13) 
 
where Dୱୢ and D୮ are the coefficient for the lattice self-diffusion and pipe diffusion, 
respectively; fୱୢ and f୮ are fractions of atom sites associated with each type of diffusion. 
Normally, the coefficient for the atomic diffusion can be expressed by an exponential 
function of the activation energy and temperature, such as 
 
 Dୱୢ ൌ D଴ୱୢ exp ൬െ
Qୱୢ
RT
൰ , (2-14) 
 D୮ ൌ D଴୮ exp ൬െ
Q୮
RT
൰ , (2-15) 
 Dୠ ൌ D଴ୠ exp ൬െ
Qୠ
RT
൰ , (2-16) 
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where Qୱୢ, Q୮ and Qୠ represent activation energies for lattice diffusion, pipe diffusion 
and grain-boundary diffusion, respectively. Correspondingly, D଴ୱୢ , D଴୮  and D଴ୠ  are 
pre-exponential constants for each diffusion. Grain-boundary diffusion (e.g. Dୠ) will be 
discussed later. In general, regimes at high temperatures, when lattice self-diffusion is 
dominant, the strain rate varies as σ୬: called high-temperature creep (H.T. Creep). By 
contrast, the strain rate varies as σ୬ାଶ at lower temperatures or higher stresses due to 
pipe diffusion predominantly in dislocation movement; this region in Figure 2-14 is 
known as low-temperature creep (L.T. Creep). 
 
However, the power-law breaks down (PLB) at high stress (above about 10-3µ) [24] or 
at low temperature (0.5-0.6 T୫) [25]: the measured strain-rates are greater than those 
that Equation (2-12) predicts. Taking the power-law breakdown into account, the 
following rate equation was proposed to prescribe power-law creep [16]  
 
 εሶୱୱ ൌ Aଶᇱ ൤sinhሺαᇱ
σ
µ
ሻ൨
୬ᇲ
exp ൬െ
Qୡ
RT
൰ , (2-17) 
 
where Qୡ is the activation energy for creep; nᇱ ൌ n describes the power-law creep; αᇱ 
describes the stress level, at which the power-law breaks down. The value of n  is 
specific to the dominant creep mechanism. For example, for pure metals and alloys, the 
value of n generally varies from 3 to 7 over a wide range of stresses and temperatures 
when the deformation is dominated by power-law creep. Constant Aଶᇱ  is microstructure-
dependent. 
 
Many investigations [26-28] have observed that the activation energy for creep (Qୡ) is 
not always constant (for instance, near to the value of Qୱୢ) over the wide range of 
homologous temperatures and stresses. Figure 2-15 plots the steady-state activation 
energy versus homologous temperature for silver (Ag) [29] and aluminium (Al) [30]. 
These plots suggest a possible trend for the activation energy for creep with the 
possible transition of atomic diffusion mechanisms: with one regime where Qୡ ؆ Qୱୢ 
between around 0.6 and 1.0 T୫. Additionally, Qୡ reduces to between 0.3 and 0.6 T୫, 
where PLB may occur. This change in the activation energy for creep can be considered 
CHAPTER 2  Temperature-dependent mechanical properties of metals and alloys
 
- 43 - 
 
as an indication of atomic diffusion at some homologous temperatures under a certain 
stress level.  
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Figure 2-15 Variation of activation energy for creep with homologous temperature for Ag [29] and 
Al [30]; Qsd is activation energy for lattice self-diffusion 
However, the decrease of the value of Qୡ seems to be different between Ag and Al with 
equivalent homologous temperature as seen in Figure 2-15. For the case of Ag, the 
activation energy for creep decreases continuously up to 70% of the activation energy 
for its lattice diffusion (Qୱୢ is about 185 kJ/mol) till at least 0.2 T୫. In contrast, the Qୡ 
for Al decreases to around 0.6 Qୱୢ , then remains constant. The reason for this 
difference is still unclear. But it is worth noting that measurement of the activation 
energy and the steady-state creep data below 0.4 T୫ can be complex, which may be 
attributed to dynamic recrystallization along with adiabatic heating. Even the measured 
value of the activation energy for lattice diffusion shows discrepancies, for example, 
Qୱୢ for Al is 142 kJ/mol in [31] where it was reported as 123 kJ/mol in [30]. However, 
Qୡ  shows a stress- and temperature-dependent character, which could be another 
parameter to link with the dominant deformation mechanism, apart from the stress 
exponent (n). 
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Non-dislocation based diffusional creep occurs at very low stresses by diffusional 
transport through and around the grains, named diffusional flow. The strain rate may be 
limited by the rate of diffusion or by that of an interface reaction. If both lattice and 
grain-boundary diffusion are permitted, the rate-equation for diffusional flow can be 
[16] 
 
 εሶ ൌ
42σΩ
RTdଶ
Dୣ୤୤ , (2-18) 
 
where 
 
 Dୣ୤୤ ൌ Dୱୢ ൤1 ൅
πδ
d
Dୠ
Dୱୢ
൨ . (2-19) 
 
Here d and Ω are the grain size and the atomic volume, Dୠ is the boundary diffusion 
coefficient and δ  is the effective thickness of the boundary. At high temperature  
(about 0.7 T୫), lattice diffusion controls the rate, the resulting plastic flow is known as 
Nabarro-Herring creep in Figure 2-14, with its rate scaling as Dୱୢ dଶ⁄ . At low 
temperature (below 0.7 T୫ ), grain-boundary diffusion takes over; the flow is then 
called Coble creep as given in Figure 2-14 and the rate scales as Dୠ dଷ⁄ . However, the 
deformation mechanism of alloys could be more complex due to the effect of the 
second phase and/or solute atoms.  
 
Table 2-2 summarizes the creep mechanisms for pure metals and alloys with regard to 
correlation of the steady-state stress exponent (n) and the activation energy for creep 
(Qୡ) [13]. By combining it with the available creep data for solder materials under 
possible levels of applied stress [32-33], the common mechanisms based on the stress 
level include: stage I, diffusional flow; stage II to III, the power-law creep including 
PLB. In general, the value of  n is close to 2 - 3 at low stresses (stage I), then varies 
from 5 to 7 for pure metals and 3 to 5 for alloys at intermediate-stress level (stage II). 
At high stresses, it could be larger than 10. On the other hand, it is evident that the 
value of n in the power-law model begins to vary with temperature, being larger at high 
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stress levels as well as at low temperature. Of course, time-independent plasticity 
occurs instead of creep when the stress increases beyond the yield stress. It is not 
included in Table 2-2.  
 
Apparently, the activation energy for creep implies the link with the atomic diffusion 
mechanism. Taking pure metals as an example, it should be Qୱୢ at high temperatures of 
Stage II, while Q୮  could take over with the decrease in temperature. However, as 
discussed above, there are always discrepancies in the change of the value of Qୡ with 
the homologous temperature in the literature. Additionally, as seen in Table 2-2, there 
is a lack of clear definition on the effect of temperature on the creep mechanisms, for 
instance, over the homologous temperature range. Thus, the determination of the 
relevant parameters for the creep mechanism requires further investigations in order to 
deeper understand the influence of a large temperature change. 
Table 2-2 Creep mechanisms for pure metals and solid-solution alloys [13, 32-33]  
Stress regime ܖ ۿ܋ Mechanism 
Stage I Low  
3 Qୱୢ Naborro-Herring 
2 Q୥ୠ Coble 
Stage II Intermediate 
Metal 
5 Qୱୢ 
Dislocation climb, recovery 
(high temperature) 
7 Q୮ 
Dislocation climb, recovery 
(low temperature) 
Alloy 
3 Q୧ 
Dislocation Viscous Glide 
(high temperature) 
5 Q୮ 
Dislocation Viscous Glide 
(low temperature) 
Stage III High  > 10 Q୮ or Qୱୢ Power-law breakdown 
Q୥ୠ - grain boundary diffusion, Qୱୢ - lattice self diffusion, Q୮ - dislocation pipe diffusion, Q୧ - inter-
diffusion of solute atoms 
 
The creep of indium (T୫ - 429 K) at ‘high’ temperatures (273 K, 298 K and 323 K), 
corresponding to the respective homologous temperatures of 0.64, 0.70 and 0.75, was 
measured under constant loads by Frenkel et al. [34]. A value of 69 kJ/mol  
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(16.5 Kcal/mol, 0.71eV) was obtained for the activation energy for creep (Qୡ). The 
similarity of the value with the self-diffusion activation energy of 74.8 KJ/mol  
(17.9 Kcal/mol, 0.777eV) [35] suggests that self-diffusion plays a major role in  
high-temperature creep deformation of pure indium. However, the deformation 
behaviour of indium joints when the operation condition includes the low-temperature 
environment is expected to be complex and could contain more than one mechanism 
referred to in the deformation-mechanism diagram (Figure 2-14), since the indium joint 
could experience the range from 0.2 - 0.7 T୫ (from 76 to 298 K). Swearengen et al. [36] 
investigated the relaxation behaviour of In50Sn50 alloy (T୫ = 390 K) at homologous 
temperatures of 0.2, 0.57, 0.76 and 0.88, which suggested the mechanical state relations 
over a range of homologous temperatures, especially rate-dependent behaviour, should 
be constructed by incorporating evolution of temperature-dependent variables. Above 
all, a constitutive equation, which accounts for the effect of the possible wide range of 
homologous temperatures during in-service condition, should be investigated.  
 
The deformation properties of indium joints have been studied experimentally by 
considering the effect of homologous temperatures. Since the deformation mechanism 
of the material is also dependent on the microstructure of the tested material, a set of 
mechanical tests for the indium joints concerned with the effect of microstructure has 
been performed in this study. 
 
2.4 Conclusions 
The literature for temperature-dependent mechanical behaviour of pure metals and 
alloys has been reviewed in this chapter. The effect of temperature on elasticity,  
rate-independent plasticity, viscoplasticity and creep has been briefly discussed. The 
relevant and available data for indium in the literature has been included as well. This 
information denotes that the deformation behaviour of pure metals and alloys is 
strongly dependent on four macroscopic variables: the applied stress level, strain rate, 
temperature and microstructure of the material. The particular equations with regard to 
these variables, also known as constitutive equations, are stated for each deformation 
mechanism. Since deformation under external stress or temperature change is a kinetic 
process, the correlation of stress with homologous temperature was summarized 
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schematically in order to describe the possible dominance of the deformation 
mechanism(s) for a material. Regarding the microstructure-dependent material 
behaviour, the microstructure features (e.g. IMC) of indium joints is studied in  
Chapter 4. The deformation properties of indium joints are investigated in Chapter 5, 
especially the inelastic properties concerned with the macroscopic variables mentioned 
above. Furthermore, the constitutive equation of the deformation behaviour of indium 
joints under environmental temperature changes is proposed by considering the effect 
of low temperatures. 
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CHAPTER 3 — Thermo-mechanical models for 
electronic packaging 
 
 
3.1 Significance of thermal stress analysis in electronic packages 
An electronic package assembly is a typical example of a multi-layered structure that 
undergoes three-dimensional (3D) loadings. Due to the geometry, material construction 
and thermal expansion mismatch of different parts of the package, thermal stresses can 
occur during manufacture and in service. Also, multiaxial forces and moments may be 
exerted by interconnected parts when the package is subjected to loading. As stated in 
Chapter 1, with the advance of very large scale integration technologies, millions of 
devices can be fabricated on a silicon chip. Hence, determination of distribution of 
thermal stress and strain in electronic packaging is vital for modern device designs.  
 
In order to meet the demands to further reduce packaging size with increased density 
between communicating circuits, approaches have moved towards numerical 
simulations, using e.g. finite element analysis (FEA). The finite element method (FEM) 
has become one of the best tools for assessing thermal stresses and strains in electronic 
packages [1-4]. Hence, the governing equations of thermo-mechanical analysis for 
electronic packaging are briefly mentioned in the present chapter. 
 
As with any numerical analysis method, FEM needs various inputs on constitutive 
material laws and properties, object loading, and system design. As discussed in 
Chapter 2, the mechanical properties of metals and alloys (e.g. solder) are affected by 
many parameters: the specimen microstructure (e.g. grain size and density of 
dislocations), temperature and loading conditions. Thus, there is a variety of 
constitutive models in the literature which have been developed to help characterize the 
mechanical behaviour of solder joints under real-life conditions. Some well-established 
models for solder joints are briefly highlighted in the present chapter. Their 
assumptions and limitations are also discussed. 
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3.2 Governing equations for electronic packaging 
Heat transfer and thermal stress in electronic packages are usually applied in two stages: 
transient (power on/off) and steady-state (in-service condition). In both cases, the 
temperature distribution Tሺx௜, tሻ  can be calculated by Equation (3-1) [5], with 
prescribed initial and boundary conditions 
 
 ׏ଶT ൌ
ρC୴
κ
∂T
∂t
െ
W
κ
, (3-1) 
 
where 
 
 ׏ଶൌ
∂ଶ
∂ݔଶ
൅
∂ଶ
∂ݕଶ
൅
∂ଶ
∂ݖଶ
, (3-2) 
 
where T, ρ, C୴,  κ and W are the respective instantaneous absolute temperature, mass 
density, heat capacity per unit mass, heat conductivity and heat generation per unit time 
(t) per unit volume. Therefore, thermal stresses and strains induced by the temperature 
distribution Tሺx௜, tሻ  can be calculated as follows (Equations 3-3 to 3-17). The 
displacement in x-, y-, and z-directions can be determined through the following 
equations 
 
 
∂ଶݑ
∂ݔଶ
൅
∂ଶݒ
∂ݔ ∂ݕ
൅
∂ଶݓ
∂ݔ ∂ݖ
൅ ሺ1 െ 2vሻ׏ଶݑ ൅
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ൌ 2ሺ1 ൅ vሻα
∂T
∂ݔ
 , (3-3) 
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 , (3-5) 
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where ݑ , ݒ , and ݓ  are the displacement components in the x-, y-, and z-directions, 
respectively; E is the Young’s modulus; v is the Poisson’s ratio; α is the coefficient of 
linear thermal expansion; G  is the shear modulus; K  is the bulk modulus;  
λ ൌ Ev/ሺ1 ൅ vሻሺ1 െ 2vሻ , G ൌ E 2ሺ1 ൅ vሻ⁄ , and X௫ , X௬  and X௭  are the body force 
components in the x-, y-, and z-directions, respectively. The temperature distribution is 
mathematically written as the right-hand side of Equations (3-3) - (3-5) and is a known 
function. Finally, the thermal stresses (σ௫, σ௬, σ௭, τ௫௬, τ௬௭ and τ௭௫) can be obtained by 
 
 σ௫ ൌ
λ
v
൤ሺ1 െ vሻ
∂ݑ
∂ݔ
൅ vሺ
∂ݒ
∂ݕ
൅
∂ݓ
∂ݖ
ሻ൨ െ βሺT െ T଴ሻ , (3-6) 
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∂ݒ
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൅ vሺ
∂ݓ
∂ݖ
൅
∂ݑ
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ሻ൨ െ βሺT െ T଴ሻ , (3-7) 
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൅
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∂ݓ
∂ݕ
൰ , (3-10) 
 
 
τ௭௫ ൌ G ൬
∂ݓ
∂ݔ
൅
∂ݑ
∂ݖ
൰ , (3-11) 
 
where β ൌ αE/ሺ1 ൅ 2vሻ, and T଴ is the reference temperature. Thermal strains (ε௫, ε௬, 
ε௭, γ௫௬, γ௬௭, γ௭௫) in three-dimensional stress state can be obtained by 
 
 ε௫ ൌ
∂ݑ
∂ݔ
, (3-12) 
 
 
ε௬ ൌ
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, (3-13) 
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, (3-14) 
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൅
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൅
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൅
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In Equations (3-6) - (3-17), σ௫, σ௬ and σ௭ are normal stresses acting in the x-, y-, and  
z-directions, respectively. Correspondingly, ε௫ , ε௬  and ε௭  are normal strains acting in 
the x-, y-, and z-directions. τ௫௬  is shear stress acting in the y-direction of the plane 
normal to the x-axis; τ௬௭ is shear stress acting in the z-direction of the plane normal to 
the y-axis; τ௭௫ is shear stress acting in the x-direction of the plane normal to the z-axis. 
Correspondingly, γ௫௬, γ௬௭, γ௭௫ are respective shear strains in the plane of τ௫௬, τ௬௭ and 
τ௭௫ . However, closed-form solutions of Equations (3-1) - (3-5) for most of the 
electronic packaging boundary-value problems are very difficult to obtain and they are 
usually approximated by FE results. 
 
3.3 Overview of existing models in thermal stress analysis 
Assuming small strain, the total strain increment tensor (dε௜௝) for a thermo-mechanical 
problem can be described with two parts [6, 9] 
 
 dε௜௝ ൌ dε௜௝ୣ ൅ dε௜௝
୮ , (3-18) 
 
where dε௜௝ୣ  and dε௜௝
୮  are the incremental elastic and plastic strain tensors. The elastic 
strain increment is defined by [6] 
 
CHAPTER 3     Thermo-mechanical models for electronic packaging
 
- 55 - 
 
 dε௜௝ୣ ൌ D௜௝ୣ dσ௜௝ . (3-19) 
 
where D௜௝ୣ  is the compliance tensor, which is formed with the elastic moduli in  
Section 2.2.1 expressed for a chosen coordinate system. In order to define the 
increment of the plastic strain in Equation (3-18), a mathematical description of plastic 
deformation of materials due to applied loads is required to be specified in combination 
with the one for an elastic behaviour, named as a constitutive law. The constitutive law 
of a material is an essential ingredient in any structural design analysis. It provides the 
relation between strains and stresses, a linear relation in the case of elastic analyse  
(Hooke’s law), and a much more complex non-linear relation in inelastic analyses, 
involving time and additional internal variables (see Chapter 2). 
 
Unlike elastic deformation, plastic deformation is not a reversible process, and depends 
not only upon the initial and final states of loading but also on the loading path by 
which the final state is achieved; yield stress in tension and compression can also differ 
[5]. Hence, the general knowledge of yield and the yield criteria associated with a 
coordinate system is discussed in the next section. 
 
3.3.1 Yield 
3.3.1.1 Yield surface 
The yield surface is defined as a surface in stress space with stress components as 
coordinates. Within the yield surface, the stress state may change without any plastic 
strain increment; stress increments beginning from points in the surface, and aimed 
outwards, imply plastic strain increments. By choosing the axes of the principal stresses 
(σଵ , σଶ , σଷ ) as the reference axes, the initial yield surface may be presented as a 
function of the principal stresses as [5, 7] 
 
 fሺσଵ, σଶ, σଷሻ ൌ 0 . (3-20) 
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However, as stated in Section 2.2.2, the yield surface can change due to strain-
hardening when the loading continues beyond the initial surface. In general, a complete 
plasticity theory has three main components: (i) a yield criterion (or yield function) that 
defines the initiation of yielding in a material, (ii) a hardening rule that predicts changes 
in the yield surface owing to the plastic strain, and (iii) a flow rule that relates 
increments of plastic deformation to the stress components. Taking such changes into 
account, the subsequent yield surface, also known as loading surface, is defined as [5] 
 
 f൫σ௜௝, ε௜௝
୮ , k൯ ൌ 0 , (3-21) 
 
which depends not only on the stresses (σ௜௝) but also on the plastic strains (ε௜௝
୮ ) and the 
strain-hardening characteristics represented by the parameter k.  
 
3.3.1.2 Yield criteria 
The problem of deducing a mathematical relation for the loading condition, at which 
yielding begins, is an important factor, particularly under multiaxial loading. The yield 
criteria are essentially based on experimental analysis [5, 7-9]. There are many yield 
criteria that have been developed for predicting the onset of yielding for different types 
of materials. However, only the von Mises criterion, which has provided highly useful 
descriptions of many real materials (e.g. metals), is discussed here. 
 
The von Mises yield criterion for the initial yield surface, also known as distortion-
energy criterion, suggests that yielding occurs when the distortional strain-energy 
density at a point equals the one at yield in uniaxial loading. The total strain-energy 
density (U଴) can be written in terms of principal stresses as [8]  
 
 U଴ ൌ
1
2E
ሾσଵଶ ൅ σଶଶ ൅ σଷଶ െ 2vሺσଵσଶ ൅ σଶσଷ ൅ σଷσଵሻሿ ൐ 0 . (3-22) 
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It consists of two parts: the energy for volumetric change (U୴) and distortion (UD). 
Thus, the appropriate manipulation of Equation (3-22) gives 
 
 U଴ ൌ
ሺσଵଶ ൅ σଶଶ ൅ σଷଶሻ
18K
൅
ሺσଵ െ σଶሻଶ ൅ ሺσଶ െ σଷሻଶ ൅ ሺσଷ െ σଵሻଶ
12G
  , (3-23) 
 
where K is the bulk modulus and G is the shear modulus. The first term in the right-
hand part is for U୴ , and the second term is for UD . Hence, the distortional energy 
density can alternately be written in terms of the second deviatoric stress invariant (Jଶ) 
as [5-6, 8] 
 
 UD ൌ
1
2G
|Jଶ| , (3-24) 
 
where 
 
 |Jଶ| ൌ
1
6
ሾሺσଵ െ σଶሻଶ ൅ ሺσଶ െ σଷሻଶ ൅ ሺσଷ െ σଵሻଶሿ , (3-25) 
 
so the yield function can be defined when Jଶ reaches a critical value k. Mathematically 
the yield function for the von Mises yield condition can be expressed as 
 
 f ൌ Jଶ െ kଶ ൌ 0 . (3-26) 
 
Substituting Jଶ  in terms of the principal stresses (σଵ , σଶ , σଷ ) into the von Mises 
criterion equation, 
 
 f ൌ
1
6
ሾሺσଵ െ σଶሻଶ ൅ ሺσଶ െ σଷሻଶ ൅ ሺσଷ െ σଵሻଶሿ െ kଶ ൌ 0 . (3-27) 
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The relation for k from test data is k ൌ τ୷  (τ୷  is the yield stress in pure shear) or 
k ൌ σ୷ √3⁄  (σ୷  is the yield stress in uniaxial tension). Thus, the yield function in 
uniaxial tension can be expressed as [5-6] 
 
 f ൌ
1
6
ሾሺσଵ െ σଶሻଶ ൅ ሺσଶ െ σଷሻଶ ൅ ሺσଷ െ σଵሻଶሿ െ
1
3
σ୷ଶ ൌ 0 , (3-28) 
 
with the equivalent stress (σഥ) as 
 
 σഥ ൌ ඨ
1
2
ሾሺσଵ െ σଶሻଶ ൅ ሺσଶ െ σଷሻଶ ൅ ሺσଷ െ σଵሻଶሿ , (3-29) 
 
The equivalent plastic incremental strain (dεത୮) is 
 
 dεത୮ ൌ
√2
3
ටൣሺdεଵ
୮ െ dεଶ
୮ሻଶ ൅ ሺdεଶ
୮ െ dεଷ
୮ሻଶ ൅ ሺdεଷ
୮ െ dεଵ
୮ሻଶ൧ . (3-30) 
 
where dεଵ
୮, dεଶ
୮ and dεଷ
୮ are the principal plastic incremental strains along the x-, y-, and 
z-directions, respectively. Then, the total (accumulated) plastic strain can be obtained 
by the integration of Equation (3-30). As stated above, the yield surface changes during 
the loading due to the hardening/softening characteristics. The yield function (f) is often 
expressed as an equation to describe plastic flow stress. Some well-established and 
most often used constitutive laws are discussed in the next section.  
 
3.3.2 Plasticity 
The response of solder materials to environmental change is a kinetic process and 
complex (see Section 2.3). In other words, there are multiple competing inelastic 
deformation mechanisms, each with a different characteristic time scale: dislocation 
slip in plasticity in a deformation-mechanism diagram (Figure 2-14) could occur over 
very short (almost instantaneous) time scales. Others, such as, dislocation glide/climb 
and atomic diffusion (e.g. self-diffusion, grain-boundary diffusion), which control the 
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creep and diffusional flow processes (see Figure 2-14), occur over much longer time 
scales. This section mainly focuses on describing the former case. 
 
3.3.2.1 Rate-independent plasticity 
As stated in Section 2.2.2, the size and shape of the subsequent yield surface, which 
arise from strain hardening, can be expressed with respect to the initial surface. For 
example, the subsequent yield surface of an isotropic strain-hardening material retains 
the shape of the initial yield surface with uniform expansion. The general expression 
for the yield function can be written as [9] 
 
 F൫σ௜௝ െ ξ௜௝൯ െ hሺλ୦ሻ ൌ 0 . (3-31) 
 
where σ௜௝  are the components of the symmetric stress tensor, ξ௜௝  denote the 
translocation of the initial yield surface, λ୦ is a scale function of the plastic strain and 
hሺλ୦ሻ is the function quantifying the expansion of the yield surface. Isotropic hardening 
occurs when ξ௜௝ ൌ 0 . When hሺλ୦ሻ  is a constant, another hardening law, called 
kinematic hardening, is obtained (Figure 3-1). In comparison with isotropic hardening, 
kinematic hardening takes place when the yield surface does not change its size or 
shape, but simply translates in stress space in the direction of the outward normal. In 
general, isotropic hardening is often used in the case of uniaxial loading, while 
kinematic hardening is adopted to present the character of the mixture of cyclic 
hardening and softening during the cyclic loading. 
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Figure 3-1 Schematic for kinematic hardening, in which the yield surface translates with cyclic 
loading, and the corresponding uniaxial stress-strain curve with shifted yield surface in 
compression [9]  
For solder materials, the stress level of most applications is below the yield point, with 
creep being the dominant deformation mechanism [10-13]. There is very little 
information of time-independent plastic data for lead-free solders reported in the 
literature. However, the strain-hardening could affect the initial, instantaneous strain 
that develops at the start of creep by following a power-law form (Equation 2-2) [14]. 
Hence, on the basis of Equation 2-2, some researchers [13] take the effect of 
temperature into account by employing a linear correlation for both the strain-hardening 
exponent and the strength coefficient with temperature. Then, Equation (2-2) can be 
written as 
 
 σ ൌ φሺTሻε୮
NሺTሻ , (3-32) 
 
where the effect of temperature on strain-hardening of solder material can be 
represented by the functions φሺTሻ  and NሺTሻ . However, the hardening character of 
metals and alloys depends not only on temperature but also on loading rate  
(see Section 2.2). 
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3.3.2.2 Rate-dependent plasticity 
Inelastic deformation in crystalline solids is generally rate-dependent. A higher rate of 
loading usually causes larger strain and strain rate in material, affecting the deformation 
behaviour or stress-strain behaviour. In terms of thermal stress in electronic packaging, 
the rapid temperature ramp can cause high strain-rate loading. There are many 
constitutive models that can adequately represent both high-rate loading and 
temperature dependency. The two models adopted in thermal stress analysis of 
electronic packaging, the modified Ramberg-Osgood and Johnson-Cook models, are 
briefly introduced below. 
 
• Modified Ramberg-Osgood model 
The general form of the Ramberg-Osgood model [15] is  
 
 ε ൌ
σ
E
൅ φᇱሺ
σ
Aଷ
ሻN , (3-33) 
 
where E is Young’s modulus, N is the hardening exponent, and φᇱ and Aଷ are constants 
referred to the monotonic strength coefficient as stated in Equation (2-3). Pang et al. 
[16-18] implemented it into thermal stress simulations of SAC solder by modifying 
Equation (3-33) as 
 
 εሺT, εሶሻ ൌ
σ
E
൅ φᇱ ቆ
σ
Aଷ
ᇱ ሺT, εሶሻ
ቇ
NሺT,கሶ ሻ
.  (3-34) 
 
Thus, both N and Aଷᇱ  are temperature - and strain -rate - dependent. Based on the testing 
results of their study, both parameters were written as a linear correlation to 
temperature and logarithmic strain-rate. 
 
• Johnson-Cook flow stress model 
The Johnson-Cook model [19-20] was first proposed to predict high-rate properties of a 
given material in the following form 
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 σ ൌ ሾCଵ ൅ CଶሺεതPሻNభሿൣ1 ൅ Cଷlnሺεሶ୮כ ሻ൧ሾ1 െ ሺTכሻNమሿ , (3-35) 
 
where εതP  is the total equivalent plastic strain (the integration of Equation 3-30), 
εሶ୮כ ൌ εሶ୮ εሶ଴⁄  is the equivalent plastic strain-rate, which εሶ୮ is the plastic strain-rate and εሶ଴ 
is the quasi-static strain-rate. And Cଵ, Cଶ, Cଷ, Nଵ and Nଶ are material constants. Tכ is 
the function of temperature, 
 
 Tכ ൌ
T െ T଴
T୫ െ T଴
, (3-36) 
 
where T଴ and T୫ represent the reference temperature and the melting temperature in 
Kelvin. A large number of studies have shown that numerical simulations employing 
Equation (3-35) can produce results of sufficient accuracy for engineering purposes. 
However, the yield stress for many ductile metals have been shown to be more sensitive 
to the strain rate than described by Equation (3-35) [21]; So a modified Johnson-Cook 
model was proposed [22] with the following form 
 
 σ ൌ ሾCଵ ൅ CଶሺεതPሻNభሿൣሺεሶ୮כ ሻNయ൧ሾ1 െ ሺTכሻNమሿ , (3-37) 
 
where Nଷ  is an empirical exponent. The material parameters can be determined by 
using the data from tensile or compression tests at different strain-rates and 
temperatures. In all these models, the properties of solder are considered only in terms 
of temperature-dependent yield stress and rate-dependent strain-hardening. It can 
usually predict locations of stress concentration, where cracks are likely to initiate. 
However, this approach can not address stress relaxation and creep during a steady-
state hold. 
 
3.3.3 Creep 
Creep is the most common and important micromechanical deformation mechanism in 
solder joints because in-service environmental conditions are generally in the creep 
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region. Creep is described with a mathematical model for rate-sensitive elastoplastic 
materials in time scale operating at elevated temperature. As stated in Section 2.3 
(Equation 2-11), most investigations have focused on steady-state creep, with the 
secondary creep rate ( εሶୱୱ ) often given as a function of stress (σ ) and absolute 
temperature (T) as well as grain size, also known as Dorn’s equation [23] 
 
 εሶୱୱ ൌ A ൬
b
d
൰
୮ EሺTሻb
kT
D଴ሾ
σ
EሺTሻ
ሿ୬ exp ൬െ
Q
kT
൰ , (3-38) 
 
where A and k are the material constant and Boltzmann’s constant, respectively. b and 
d  are the magnitude of Burgers vector and the material’s grain size. EሺTሻ  is the 
temperature-dependent Young’s modulus, and Q is the activation energy of the rate-
controlling diffusion mechanism. p  and n  are constant exponents. And D଴  is a 
frequency factor. For engineering applications dealing with electronic assemblies, 
constitutive models developed from measurements on solder joint specimens have 
proven to be very useful. Some models have indicated a reasonable agreement with the 
obtained experimental results: 
 
• Motorola/Darveaux’s creep model 
Darveaux and his co-workers [24] established the constitutive model which has been 
used to well describe the primary and secondary creep deformation of several solder 
alloys. During primary or transient creep, the creep strain is given by the equation 
 
Primary creep rate: dγୡ
୮
dt
ൌ
dγୱୱ
dt
൤1 ൅ γTBᇱexpሺെBᇱ
dγୱୱ
dt
tሻ൨ , (3-39) 
 
where γୡ
୮  is primary creep strain, γT  is transient creep strain and Bᇱ  is the transient 
creep coefficient. ୢஓౙ
౦
ୢ୲
 and ୢஓ౩౩
ୢ୲
 represent the primary creep rate and steady-state creep 
rate, respectively. So, 
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Steady-state creep rate: γሶ ୱୱ ൌ
dγୱୱ
dt
ൌ Cସሾsinh ሺαଵτሻሿ୬ exp ൬െ
Qୡ
RT
൰ , (3-40) 
 
where Cସ and αଵ are constants, and τ is the applied stress. Qୡ is the activation energy 
for creep and n is a constant exponent that depends on the controlling creep mechanism. 
This model was used for the shear mode since the mechanical testing of solder joints 
was conducted under shear. Thus, the correlations in Equations (3-29) and (3-30) are 
normally employed to compare with the results obtained under tension. This model was 
found to apply consistently to several solder alloys [24] (e.g. 60SN40Pb, 62Sn36Pb2Ag, 
96.5Sn3.5Ag, 100In and 50In50Pb), and over a range of temperatures and several 
orders of magnitude in strain-rate. However, as discussed in Chapter 2 (Section 2.3), 
deformation of solder joints under operation conditions can be associated with more 
than one mechanism under certain temperature ranges and stress levels. Shine et al. [25] 
confirmed the dominance of two mechanisms since the creep rate versus stress curves 
of 63Sn37Pb solder were bi-linear at the temperature range between 298 and 373 K. 
Thus, Knecht et al. [26] modified Equation (3-40) and developed a constitutive mode 
based on the above experimental results in order to integrate two creep mechanisms, 
well-known as DEC’s model. 
 
• DEC’s model 
Knecht and Shine [25-26] of the Digital Equipment Corporation (DEC) obtained the 
creep strain by integration of the steady-state creep rate equation in Darveaux’s model: 
 
Steady-state creep rate: εሶୱୱ ൌ Cହσ୬భ exp ൬െ
Qୡଵ
RT
൰ ൅ C଺σ୬మ exp ൬െ
Qୡଶ
RT
൰ , (3-41) 
 
where Cହ  and C଺  are constants. Qୡଵ , nଵ  and Qୡଶ , nଶ  depend on the controlling creep 
mechanism. By using the double power-law model, the change in the dominant creep 
mechanism could be taken into account when the solder underwent a transition from a 
high stress level to a low one. For example, originally, the first term on the right-hand-
side of Equation (3-41) was proposed for grain-boundary creep at low stress while the 
second term described creep controlled by matrix diffusion at high stress [27]. The 
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above two models are used mainly for analyzing the creep mechanisms of solder joints 
at high homologous temperature (> 0.6 T୫) and different stress levels. 
 
• Anand’s model 
By introducing an internal evolution variable for the physical material state, s, Anand’s 
model combines both rate-independent plastic and rate-dependent creep deformations 
in a unified constitutive relationship [28] 
 
Steady-state creep rate: εሶୱୱ ൌ A଼ ቂsinh ሺ
αଶσ
s
ሻቃ
ଵ
୫
exp ൬െ
Qୡ
RT
൰ , (3-42) 
 
where αଶ is the stress multiplier, s is the internal scalar state variable that denotes the 
resistance to plastic deformation. A଼ is constant and m is strain-rate sensitivity linked 
by the relation to n: ሺ1 m⁄ ሻ ൌ n. The evolution function of s is expressed as 
 
 sሶ ൌ
ds
dt
ൌ ൜h଴ ቚ1 െ
s
sכ
ቚ
஀
signሺ1 െ
s
sכ
ሻൠ εሶ ୱୱ , (3-43) 
 sכ ൌ sො ൤
εሶ ୱୱ
A଼
expሺ
Qୡ
RT
ሻ൨
୫ᇲ
. (3-44) 
 
where h଴ and sො are the material constants. sכ is the saturation value of s and sሶ  is zero 
for a constant strain and temperature; mᇱ is the strain-rate sensitivity for the saturation 
value of deformation resistance; Θ is strain-rate sensitivity factor (Θ ൐ 1). The internal 
variable, s, represents the averaged resistance to macroscopic plastic flow offered by 
the underlying isotropic hardening mechanisms such as dislocation density, solid 
solution strengthening. The evolution function for such an internal variable could 
include the phenomena of strain-hardening, dynamic recovery and static recovery. In 
comparison with Darveaux’s model (Equation (3-40), five more material parameters, 
h଴, sො, mᇱ, Θ and s଴, are required in empirical curve-fitting of experimental results, with 
the last being the initial value of s. Anand’s model has been used to describe the 
constitutive behaviour of traditional SnPb solders [13] and lead-free solders [16-18] at 
high temperatures (above 0.6 T୫).  
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Rui et al. [29] employed this model to represent the inelastic deformation behaviour of 
indium at low temperatures down to 128 K. By assuming the steady-state plastic flow at 
cryogenic temperature, Anand’s model was converted into Equation (3-40) in their 
study with h଴ ൌ 0 , mᇱ ൌ 0 , Θ  =1 and sො ൌ s଴ . The magnitudes of parameters were 
determined by fitting the creep data for bulk indium at the temperature range from 128 
to 413 K under normalized compression mode. Compared with the parameters obtained 
by Dearveaux et al. [24, 30], there is a discrepancy in the magnitude of the activation 
energy for creep (Qୡ) at the same stress level during temperature change. Rui et al. 
adopted 77.9 kJ/mol to fit the creep data obtained between 128 and 413 K, but  
69.4 kJ/mol was used in the study by Dearveaux at the temperature range of  
298 - 354 K [30]. In comparison with the value for lattice self-diffusion of indium  
(74.8 kJ/mol), Dearveaux’s study suggests that deformation was controlled by pipe 
diffusion while self-diffusion was responsible for Rui’s results. Dearveaux also 
concluded that the measured activation energy increased with temperature during cyclic 
loading tests between 220 and 386 K. As stated in Section 2.3, Qୡ indicated strong 
dependence on both temperature and stress. In the present study, indium joints used in 
low-temperature microelectronics will undergo a much wider temperature change  
(e.g. from 0.2 to 0.7 T୫). Thus, there is a demand to understand the effect of activation 
energy on creep deformation in a significantly wider temperature range. On the basis of 
the overview of the existing models, it is clear that there is a limited resource,  
i.e. constitutive laws, for the thermo-mechanical analysis of electronic packaging 
accounting for such a large temperature change. 
 
3.4 Thermal fatigue 
Fatigue, is a failure mechanism due to cyclic loading, that can be isothermal or 
`thermal'. Isothermal fatigue occurs when imposed cyclic displacement occurs at a 
constant temperature. Thermal fatigue, on the other hand, is a condition where cyclic 
displacement occurs due to thermal fluctuation caused by heat dissipated in electronic 
components or environmental temperature changes. As stated in Section 1.5, thermal 
cycling caused by cyclic environmental temperature changes, called temperature 
cycling, normally consists of controlled ramp-rate with dwell time (duration). 
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Silberschmidt et al. [31] summarized possible responses of elastic-plastic structures to 
such cyclic loading (Figure 3-2): 
 
1. Elastic shakedown (SD) with vanishing plastic strain rates, leading to purely 
elastic response to the loads; 
2. Plastic shakedown that refers to a state of deformation where a closed cycle of 
plasticity occurs without any accumulation of plastic strains; 
3. Thermal ratchetting with non-vanishing changes of plastic strains from cycle to 
cycle, which is well known as thermal fatigue. 
 
 
Figure 3-2 Schematic of three types of response of metals and alloys to thermal cycling [31]  
Associated with creep, thermally cyclic loading due to dissimilar coefficients of 
thermal expansion can induce fatigue failure over a certain period of time even at the 
stress levels far below the yield stress of the solder joint. Fatigue in solder joints leads 
to crack initiation and crack propagation; the fatigue life of a solder joint is determined 
by the number of stress cycles it endures before a crack is initiated and propagates. 
Thus, thermo-mechanical reliability of solder joint is determined by creep and thermal 
fatigue of the solder, which is dependent on geometrical and materials parameters of 
electronic interconnection, including the CTE mismatch of different components, and 
the solder joint constitutive relationships. 
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Many thermal-fatigue life-prediction models exist for determining the solder joint 
reliability of electronic packaging with their own damage criteria. Their features and a 
comparison of them are given by Lee et al. [34]. These models are dependent on the 
package-level empirical failure parameters associated with a key parameter of the 
structure, such as strain energy or strain range calculated using FE analysis. The failure 
parameter is deduced from experimental reliability tests under the required conditions. 
The leading failure indicators for the correlation of thermal-fatigue life are based on the 
total strain range (TSR), inelastic strain range (ISR) [13, 35], and on the strain energy 
density increment (ΔW) [36]. Figure 3-3 schematically illustrates the definition of the 
three parameters. Then, fatigue life of the solder joint can be predicted by using one of 
these indicators on the basis of the deduced model under a certain failure criterion. 
ΔW
TSR
σ
ε
ISR
 
Figure 3-3 Schematic of a typical stress-strain hysteresis loop [13] 
Currently, the phenomenon of thermal fatigue has been identified experimentally and 
numerically in most of the ‘soft’ lead-free solders, e.g. Pb-based solder [13, 32],  
Sn-based Pb-free materials [6, 33-34]. Since thermal stress in electronic packaging is 
mainly induced either during power on/off or in-service stages, thermal-cycling 
durability has become a major method in thermo-mechanical analysis of solder joints. 
Regarding environmental changes in service, the fatigue performance of indium joints 
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is required to comprehend its behaviour under thermal cycling, involving low 
temperatures. 
 
3.5 Conclusions 
The significance of thermal stress analysis in electronic packaging, as well the general 
aspect of the governing equations used in thermo-mechanical analysis, was briefly 
mentioned in present chapter. An overview of the existing models used in thermal 
stress analysis is discussed for: time-independent plasticity and time-dependent 
plasticity (creep). Some well-known models used in thermo-mechanical analysis of 
electronic packaging were reviewed in the present chapter as well. Based on the 
literature, creep is the most common and important micromechanical deformation 
mechanism for solder joints in service conditions. In order to properly apply these 
models, a deep understanding of the response of an indium joint to temperature change 
and of the corresponding deformation mechanisms is necessary. To establish the 
constitutive relationship for indium joints under a larger temperature change, an 
investigation of the determination parameter (e.g. Qୡ) with temperature is required. 
Thus, a series of thermo-mechanical analyses of indium joints under thermal cycling 
and other realistic thermal changes will be reported in Chapters 6 and 7 as well as a 
study of its fatigue performance. 
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CHAPTER 4 — Characterization of indium-based 
intermetallics 
 
 
4.1 Introduction 
Reliability of electronic packages under changing thermal conditions is one of the main 
concerns in their design due to thermal strains/stresses caused by in-service temperature 
changes linked to the mismatch of CTEs between different materials in the package. 
This mismatch can also induce residual stresses, resulting in thermal fatigue of the 
package under thermal loading or power cycling. A hybrid pixel detector system used 
in high-energy physics experiments, for example, at the European organization for 
nuclear research (CERN), is required to work under cryogenic conditions, which is 
usually near or below the temperature of liquid nitrogen (76 K). In such cases, solder 
joints that provide mechanical, electrical and thermal interconnections, have to 
withstand the temperature changes from cryogenic temperature to room temperature or 
above. The thermo-mechanical response of solder joints to such a temperature change is 
critical in determining the reliability of electronic packages used in cryogenic 
environments. The integrity of solder joints is critical; it is determined by the 
microstructure of solder joints and intermetallic compounds (IMCs) formed between 
solders and the under bump metallisation (UBM). In particular, the effect of growth and 
characteristics of IMCs on the joint performance becomes even more significant for 
ultra-high density interconnections, for instance, Medipix 3 (a family member of 
photon-counting pixel detectors developed by CERN), which has a typical bondpad of 
׎ 22 µm at a pitch of 55 μm. Thus, as miniaturization continues and solder joints 
become even smaller in dimension, the properties and response of IMCs to internal and 
external loadings, which will significantly affect the reliability of solder joints, become 
critical, particularly in cryogenic applications.  
 
Indium (In) is of considerable interest as an excellent interconnection material for 
cryogenic electronics applications. For example, in Medipix 3, indium interconnects
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provide an ideal packaging solution thanks to its excellent ductility and capability to 
achieve the ultra-fine pitch, as stated in Section 1.4. Several investigations were carried 
out to understand the In-Cu IMCs and their growth [1-5] as well as the In-Ni IMCs 
[3,6-8] under various conditions. However, the response of IMCs at an In/UBM  
(e.g. Cu or Ni) interface to the cryogenic temperatures still remains unclear.  
 
The metallic pad (incorporated with under-bump-metallisation) for solder interconnects 
consists of multilayers of thin films, for instance, a protection layer, a wetting layer and 
an adhesion layer. Gold (Au) is normally used as a surface preservation layer to provide 
solderable surfaces. The UBM, such as copper (Cu) and nickel (Ni), is commonly used 
as a protective layer deposited on the metallic bondpads, e.g. aluminium (Al). However, 
Au readily diffuses into the solder during bonding (e.g. reflow process) due to its rapid 
dissolution into the molten solder and, generally, it is very thin (~ 200 nm). In this 
study, the formation and evolution of intermetallics at the In/Cu and In/Ni interfaces are 
of particular concern. 
 
Figure 4-1 demonstrates the structure of this chapter. The interfacial reactions and 
evolution of indium joints with both substrate types, In/Cu (i.e. In-Cu IMCs) and 
In/Ni/Cu (i.e. In-Ni IMC), were investigated during both liquid-state (i.e. reflow) and 
solid-state (i.e. aging) stages. The characteristics of IMCs with two different joint 
thicknesses were compared, in order to study the effect of low-temperature cycling 
(LTC) between 298 K and 76 K. Growth kinetics of IMCs in In-based binary systems 
were investigated during liquid- and solid-state interactions. A methodology with 
respect to the kinetics of IMC growth and thermodynamics of phase nucleation was 
adopted to evaluate the characterization of In-based IMCs during liquid-state and  
solid-state interactions. A conceptual model on the mechanism of interfacial reactions 
and evolution at the In/Cu interface is proposed. This considers the effect of  
low-temperature cycling, as well as different joint thicknesses. This approach provides 
a useful understanding of the joints’ behaviour and response to such thermal conditions. 
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4.2 Experimental procedures 
4.2.1 Ni/Cu metallization 
Ni/Cu metallization used for soldering was prepared by electroplating Ni on a Cu 
substrate. A Cu sheet (99.99 wt.%) with thickness of 0.25 mm was sliced into parts 
with dimension of 40 mm × 20 mm (length (L) × width (W)) as a substrate base. All Cu 
substrates were cleaned prior to electroplating using the following procedures:  
(i) rinsing with isopropyl alcohol (IPA) for five minutes for organic contamination 
removal; (ii) washing off residual IPA on the surface with deionised (DI) water;  
(iii) soaking in sulfamic acid (H3NSO3) for ten minutes to remove the Cu-oxide layer 
and activate the Cu surface for electroplating; (iv) rinsing using DI water to remove any 
residual chemicals; (v) dry-blowing with cold air. The Ni-metallised layer was 
electroplated from a sulphamate solution, containing 350 g/l Ni(NH2SO3)2, 35 g/l 
H3BO3, and 0.378 g/l anti-pitter, with a pH value range of 3.0 – 4.0. It was carried out 
at room temperature (298 K) using a current density of 0.6 A/dm2, with mechanical 
agitation (see Figure 4-2).  
 
 
Figure 4-2 Electroplating apparatus: (1) computer control system; (2) power supply;  
(3) electroplating cell; (4) anode; (5) cathode; (6) magnetic agitator 
The area for electroplating was 20 mm × 20 mm, and the average thickness of a Ni 
layer is expected to be 2 µm according to Faraday’s equation. The measured thickness 
is 2 ± 0.5 µm, which has also been confirmed using focus-ion-beam (FIB) inspection, 
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with a current density of 1 A/dm2. The coated area was 20 mm × 20 mm, and the 
average thickness of the indium layer after electroplating was 20 ± 2 µm.  
 
A thick joint was prepared using bulk indium with a purity of 99.999%. The content of 
contaminant in bulk indium is listed in Table 4-1. Two types of substrates (Cu or Ni/Cu) 
used to form the joints with bulk indium were the same as those used for thin joints. 
Table 4-1 Content of contaminant in bulk indium (according to supplier) 
 Sn Sb Pb Ni Cu Bi Hg Ag+As+Cr+Fe+Zn+Al+Au+Cd 
Value in ppm 3.8 < 2 1 1.7 0.8 < 2 < 1 < 1.7 
 
For the preparation of thick joints, all the substrates (Cu and Ni/Cu substrates) were 
cleaned using IPA, hydrochloric acid (HCl) and, finally, rinsed using DI water. After 
cleaning, the diced indium with dimensions of 20 mm (L) × 20 mm (W) × 1 mm (H) 
was localized on a substrate covered with a thin layer of liquid flux followed by reflow.  
 
The reflow process was completed in a reflow oven (T-Track supplied by Planar) as 
shown in Figure 4-4. A computer-based system was connected to the oven to  
pre-determine the temperature profile using a built-in thermo-couple. However, due to 
the significant difference in dimensions of the samples and the oven, an external 
thermo-couple was attached on the surface of the samples in order to accurately 
monitor and ensure the required reflow profile. The reflow profile applied in this study 
is illustrated in Figure 4-5, which had been identified to ensure an adequate wetting 
behaviour of indium on the substrates assisted by flux. 
 
All the joints were formed by reflow in the air with a peak temperature of 493 K 
(220 °C) for 400 s. The cooling rate of the reflow process was about 0.2 K/s in order to 
obtain consistent joint microstructure [8-9]. After reflow, the thin joints had an indium 
layer, 15 ± 5 µm in thickness (Figure 4-6 a), and the thick joints had an indium layer 
with thickness of 1 ± 0.1 mm (Figure 4-6 b).  
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(a) (b) 
Figure 4-6 Schematic structures of indium joints on substrate (i.e. Cu substrate and Ni/Cu 
substrate) after reflow: (a) thin joint; (b) thick joint 
4.2.3 Low-temperature cycling 
In order to study the effect of cryogenic temperatures on the IMCs growth,  
low-temperature cycling was applied to indium joints prior to aging in order to compare 
with the joints formed without such treatment. The temperature profile as given in 
Figure 4-7 was carried out by immersing the sample into the liquid nitrogen (76 K) and 
then bringing it up to room temperature (298 K). The dwell time was 15 minutes. The 
ramp rate for heating and cooling process is simplified here with an average value. 
After low-temperature cycling, all the samples, including joints not exposed to  
low-temperature cycling, were aged at room temperature for 60 days  
(room-temperature aging). 
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Figure 4-7 Temperature profile in low-temperature cycling 
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4.2.4 Analysis methods for interfacial reactions and evolution 
The interfacial reactions and IMCs characteristics were investigated in the joints after 
reflow (as-reflowed joints), and after aging of as-reflowed joints and the joints that 
underwent low-temperature cycling (thermally-cycled joints). All the samples were 
potted and polished to obtain metallographic cross-sections, then examined using 
scanning electron microscopy (SEM) to obtain the morphology of IMCs. An energy 
dispersive X-ray (EDX) detector was also used to analyze the composition of IMCs at 
the interfaces. 
 
Because of indium’s extreme softness, the study of IMCs at the interfaces encountered 
significant difficulties in preparation of cross-section samples. A conventional method 
of preparing cross sections includes grinding with increasingly finer grits of silicon 
carbide, followed by polishing with suspensions containing diamond, alumina, or 
colloidal silica. However, the particles used in such procedures as well as substrate 
materials are much harder than indium so that they tend to become embedded into the 
indium surfaces. After numerous trails, an optimised procedure was found to minimize 
the embedding of particles and obtain acceptable cross sections for interfacial analysis. 
The procedure is as follow: (i) grinding carefully with coarse grit along the length of 
the Cu substrate to remove mounting epoxy and reveal the cross-section of the joints; 
(ii) polishing with colloidal silica on a soft synthetic pad with micro-nap, 250 rpm, for 
15 - 20 minutes in the direction parallels to the interface of the joints; (iii) gently 
polishing with water to remove residual colloidal silica particles from the surface. 
Again, the direction of polish should be always parallel to the interface of the joints. 
 
On average, two samples for each type of specimen and five locations per sample were 
selected and analyzed using SEM and EDX. Then, all the obtained SEM images were 
used to measure IMC thickness. The measurement of IMC thickness for growth kinetic 
study was carried out using software Image J [10] based on the obtained SEM images, 
the procedure is: (i) extract and measure the integrated area and the length of IMC 
layers; (ii) calculate the average thickness of IMCs layers by dividing the integrated 
area by the length of the IMC layers. The estimated error in the IMC thickness 
measurement with the image analysis technique was approximately ± 0.3 to 0.5 µm. It 
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was estimated on the basis of the error from the placement of the measurement line at 
the IMC/solder interface in the image due to the difference in polishing behaviour 
between the hard IMC and the soft solder and the error during the delineation/selection 
of the IMC layer. 
 
4.3 Results 
4.3.1 Interfacial reaction and evolution of indium joints with Cu substrate 
4.3.1.1 Effect of joint thickness on interfacial reactions 
SEM micrographs of the interfacial microstructure of thin and thick joints after reflow 
are shown in Figure 4-8. Different IMC structures can be recognized at the interface 
between thin and thick joints. For the thin joints, the morphology of IMC close to the 
indium side was not only characterised by a polygonal shape as seen in Figure 4-8 (a), 
but scallop-shaped IMCs were also found as shown in Figure 4-8 (b). EDX analysis 
indicated that a dual-layer IMCs structure with the respective copper contents of  
36.18 ± 3 at.% and 60.13 ± 2 at.% was formed at In/Cu interface after reflow;  
Vianco et al. [2] defined the measured composition with a copper content of  
35 ± 5 at.% as Cu9In16 IMC (X1). Cu2In phase (X2) was verified within the range of 
65.0 ± 3 at.% Cu in the In-Cu phase diagram [11-13]. Hence, the dual-layer IMC 
structure observed at the interface of the thin joints was identified as corresponding to 
Cu9In16 and Cu2In IMCs. After employing the same reflow profile for the thick joints, 
the In/Cu interface contained a single layer of compact and continuous IMC with  
2-3 µm thickness, as shown in Figure 4-8 (c). The EDX analysis revealed that the 
formed IMC was composed of 55.0 ± 5 at.% Cu which has a composition close to 
Cu11In9 phase (X3) [11, 13]. 
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The same change was also observed at the aged thermally-cycled joints, suggesting that 
the IMC growth occurred during aging. However, the thickness of IMCs in either case 
changed little after the aging process compared to that after reflow seen in Figure 4-8 
(a–b). For composition of the IMC layer, the results of EDX analysis are given in  
Table 4-2. Among those joints, Cu11In9 (X3) was formed at the interface of as-reflowed 
joints after aging, whilst a dual-layer structure of Cu9In16 with a continuous and dense 
Cu11In9 instead of Cu2In was identified in the case of those thermally-cycled after aging. 
Thus, the In-Cu IMCs at the interface changed from Cu9In16 + Cu2In to Cu11In9 
completely (Figure 4-10 a) or partially (Figure 4-10 b-c) during aging. This indicates 
that different phase transformation occurred to as-reflowed joints and thermally-cycled 
joints during aging, which is believed to be attributed to the effect of low-temperature 
cycling, which will be discussed in more detail in Section 4.4.3.  
 
The micrograph of IMCs at the In/Cu interface of thin joints that underwent five and 
nine low-temperature cycles were compared after aging, as demonstrated in  
Figure 4-10 (b–c). Minor changes in the thickness of the In-Cu IMCs with the increase 
in low-temperature cycles implied that the growth of the In-Cu IMCs at the interface of 
thin joints was insensitive to low-temperature cycling. It could be linked to several 
factors, such as the existence of a dual-layer IMCs, and the atomic-level interactions at 
the In/Cu interface during solid-state reactions. 
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Table 4-2 Results of EDX analysis across IMC layer at In/Cu interface of thin joints after aging 
(at.%) 
Chemical composition of In-Cu 
IMCs 
Interface close to Cu substrate Interface close to In joint 
In Cu In Cu 
Aged as-reflowed joint  43.07 ± 2.0 56.93 ±2.0 49.81 ± 2.8 50.19 ± 2.8 
Aged thermally-cycled joint  46.72 ± 3.5 53.28 ± 3.5 64.31 ± 5.0 33.69 ±5.0 
 
The IMC growth of thick joints under the aging condition of both as-reflowed and 
thermally-cycled samples was obtained and compared as given in Figure 4-11. The 
chemical composition of the IMC layer for both cases was Cu11In9 according to the 
EDX analysis. Compared with the interface obtained after reflow (see Figure 4-8 c), the 
dense and continuous IMC layer at the interface of as-reflowed joints increases 
insignificantly (1~ 2 µm) in thickness during aging (Figure 4-11 a). Conversely, as 
evident from Figure 4-11 (b–c), the thickness of IMC increased drastically, exceeding 
10 µm when the joints underwent low-temperature cycling before aging in comparison 
with the interface in Figure 4-8 (c). Moreover, the morphology of the In-Cu IMC layer 
in thermally-cycled joints after aging can become hillock-shaped, and even some IMC 
particles (marked in Figure 4-11 b–c) were found to break into the indium joint 
adjacent to the interface. 
 
The thickness change of the Cu11In9 layer in the thick joints after aging was also 
analysed as function of the increase of low-temperature cycles and results are shown in 
Figure 4-11 (b–c). Apparently, the increase of IMCs thickness of the joints that 
underwent nine low-temperature cycles (Figure 4-11 c) was greater than that after five 
low-temperature cycles (Figure 4-11 b). This suggests the potential effect of  
low-temperature cycling on the solid-state growth of the IMC layer at the In/Cu 
interface in the thick joints. Nevertheless, the different response of In-Cu IMCs 
between thin and thick joints to low-temperature cycling should be noticed, as well as 
the observed different characteristics of In-Cu IMCs for thin and thick joints during 
liquid-state reactions. Some further details will be discussed in Section 4.4 in order to 
comprehend the characteristics and evolution of In-Cu IMCs with respect to joint 
thickness and low-temperature cycling. 
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4.3.2 Interfacial reaction and evolution of indium joints with Ni/Cu 
substrate 
4.3.2.1 Effect of joint thickness on interfacial reactions 
SEM micrographs of the interfacial microstructure of thin and thick joints on the Ni/Cu 
substrate after reflow are presented in Figure 4-12. For the thin joints, as seen in  
Figure 4-12 (a), there is a very thin IMC layer of less than 1 µm thickness at the 
interface. EDX analysis indicated the chemical composition of the IMC layer; it 
contained 30.0 ± 8 at.% Ni for all the samples of testing. Accounting for the In-Ni 
phase diagram [14], Tseng et al. [6] and Kim et al. [3] reported such chemical 
composition of an IMC layer as Ni10In27 IMC (Y). A close examination of this Ni10In27 
IMC layer, reveals this as hemi-spherical in shape in the cross-sectional view, as 
marked in Figure 4-12 (a) and is speculated that this IMC may grow as small hemi-
spheres.  
 
For the thick joints (Figure 4-12 b), there is a continuous IMC layer with thickness 
below 1 µm observed at the In/Ni interface, which was identified as Ni10In27 IMC with 
EDX analysis. The scallop-like Ni10In27 IMC was found at the interface marked in 
Figure 4-12 (b). It is similar to the observed morphology of Cu9In16 IMC. But, Ni10In27 
scallops are much smaller than Cu9In16 scallops. In such a case, only a single Ni10In27 
IMC was found at the interface of both thin and thick joints. It is consistent with 
Ni10In27 being the only phase reported in the literature [3, 6-8] so far. Clearly, the 
interfacial reaction between In and the Ni/Cu substrate during reflow was less 
dependent on joint thickness in comparison with the In-Cu system. It is believed it 
should be due to lower reactivity of Ni compared to that of other components in the 
substrate system (e.g. Cu), which was recognised, e.g. in tin (Sn)-based solder systems 
[15-18]. 
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Compared to the interface after reflow in Figure 4-12 (a), there was little change after 
aging with respect to the IMC thickness, as well as whether the joints were subjected to 
the low-temperature cycling or not. In terms of morphology, the Ni10In27 IMCs at the 
In/Ni interface of thin joints are speculated to be hemi-spherical or spherical particles, 
based on the cross-sectional view marked in Figure 4-12 (a) and Figure 4-13 (a).  
 
Figure 4-14 (a) and (b-c) show SEM micrographs of the interfacial microstructure of 
as-reflowed and thermally-cycled thick joints after aging. There is no phase 
transformation observed, and Ni10In27 was the only phase found with EDX analysis. 
Above all, Ni10In27 is the only phase found at the interface after reflow and during the 
solid-state growth, both in thin and thick joints. Accordingly, the Ni10In27 phase can be 
a relatively stable phase in the In-Ni system during both liquid- and solid-state reactions. 
In comparison with the IMC at the In/Ni interface after reflow (Figure 4-12 b), the 
morphology of the IMC changed into a relatively continuous layer with scallop-type 
grains after aging (see Figure 4-14). 
 
With respect to the effect of low-temperature cycling, compared to the thin joints, the 
difference in the growth of Ni10In27 IMC and microstructure change at the interface was 
fairly obvious between as-reflowed and thermally-cycled thick joints after aging. The 
curvature of Ni10In27 IMC grains in the aged thermally-cycled joints (marked in  
Figure 4-14 b), which is equal to the reciprocal of radius of the grain, is smaller than 
that in the aged as-reflowed joint (see Figure 4-14 a). Normally, the decrease of the 
curvature of IMC grain is a typical feature of grain growth, termed as coarsening 
process [19]. However, the total thickness of the IMC layer at the In/Ni interface of the 
aged thermally-cycled thick joints (Figure 4-14 b-c) is on average of the same order of 
magnitude with that of as-reflowed ones after aging. It is different from that observed in 
the In/Cu interface, which is that the thickness of the In-Cu IMC layer in thermally-
cycled thick joints (Figure 4-11 b-c) is one order of magnitude higher than those  
as-reflowed after aging (Figure 4-11 a). Therefore, a comparative analysis of the  
In-Ni IMC with In-Cu IMCs by considering the effects of joint thickness and  
low-temperature cycling will be provided in Section 4.4.4.1 to help identify this. 
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As given in Figure 4-14, a number of faceted and large particles were found near the 
In/Ni interface. EDX analysis revealed a composition of the Ni10In27 phase. The size of 
such particles is in a range of 2~5 μm, and it has little dependence on low-temperature 
cycles. This will be discussed in Section 4.4.4.2. 
 
The comparative study of interfacial reactions and evolution in indium joints on the Cu 
and Ni/Cu substrates showed that the characteristics of In-based IMCs resulted from 
reflow and aging were affected not only by the joint thickness and the substrate type, 
but also by low-temperature cycling. Therefore, growth kinetics of IMCs in indium 
joints should be considered both during reflow (liquid-state) and the subsequent aging 
process (solid-state) by taking those factors into account (see Section 4.4).  
 
4.3.3 Failure of indium joints due to low-temperature cycling 
In order to understand the relative response of indium joints due to large temperature 
excursions, a cryogenic temperature was included into thermal cycling as the minimum 
temperature. To identify the effect of IMCs on the properties of the indium joint, the 
response of In-Cu and In-Ni IMCs to low-temperature cycling was evaluated for thin 
and thick joints. Cracks were only found in In-Cu IMCs of thermally-cycled thick joints 
after aging (Figure 4-15). As seen in Figure 4-15, cracks mainly nucleate and propagate 
inside the IMC layer. Due to the large increase in the IMC thickness of thermally-
cycled thick joints during aging, the occurrence of cracks can be linked to the 
brittleness of In-Cu IMCs under a rather critical thickness. Such cracks could 
potentially induce the failure of the electronic device. 
 
With respect to service, reliability of the device adopting indium as an interconnection 
material could be affected when the service condition involves cryogenic temperatures 
and relatively high temperatures. For instance, for the device that is functionally 
required to work at cryogenic temperature, but occasionally needs to be brought back to 
room temperature, the potential microstructural changes, such as the In-based IMC 
growth observed in this study, can affect its reliable performance significantly. 
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Referring to the In-Cu phase diagram (see Section 1.3), phases Cu2In and Cu11In9 are 
formed under the composition of 62.0 – 68.0 at.% and 54.12 – 55.33 at.% Cu, 
respectively. Therefore, under the same condition of reflow, the concentration of Cu 
atoms dissolved into liquid indium in thin joints can be signfiicantly higher than that in 
thick ones at a given time (t) of reflow due to a small volume of In, which leads to a 
higher dissolution rate. The rate of dissolution (dx/dt) of any solid in a liquid phase 
can be described by the following equation [21] 
 
 dx
dt
ൌ A଴
S
V
ሺcୱ െ cሻ, (4-1) 
 
where S is the surface area of the solid in contact with the liquid, V is the volume of the 
liquid, cୱ  is the saturation concentration at a given temperature and c  is the 
instantaneous concentration of the dissolved solid in the bulk of the liquid phase at time 
t . A଴  is the dissolution-rate constant. This expression states that a variation of the 
concentration of any dissolving solid in a liquid is directly proportional to the ratio of 
the area of its surface contacting with the liquid to the volume of the liquid phase (S/V) 
and the difference (cୱ െ c). It is obvious that the value of (cୱ െ c) should be the same 
for both two thicknesses of joints at the beginning stage of reflow (t ൌ 0). Thus, since  
(S/V)thin joint > (S/V)thick joint , (dx/dt)thin joint > (dx/dt)thick joint. The preliminary difference 
in the dissolution rate could affect the formation of different nuclei of phases, causing 
the differences in phase formation between thin and thick joints. A model employing 
thermodynamic calculations was established to further investigate this (see  
Section 4.4.2.1). In contrast, for the liquid In /solid Ni system, only the Ni10In27 phase 
was observed at the interface of both thin and thick joints after reflow. This can be 
related to low solubility of Ni atoms in liquid metals (see Section 1.3), so it is 
negligible in terms of difference between the dissolution rates of Ni in thin and thick 
joints. 
 
As mentioned at the beginning of this section, chemical reactivity and the  
inter-diffusion process between solder and substrate elements affect the IMC formation 
alongside dissolution. Both reactivity and diffusivity of In atoms can be enhanced 
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during reflow since In atoms were in the liquid state. So, there is a posibility for In 
atoms to diffuse across the bulk of the Cu9In16 IMC layer and to participate in 
formation of intermetallic with dissolved Cu atoms. Even at the end of reflow 
(solidification), indium atoms could still diffuse across the Cu9In16 IMC layer via  
grain-boundary diffusion since grain boundaries could act as rapid diffusion short-
circuits, for instance, via the polygonal and scallop-shaped Cu9In16 IMC grains as seen 
in Figure 4-8 (a-b). This can explain the Cu2In phase formed at the Cu9In16/Cu interface 
of thin joints during reflow, instead of an In/Cu9In16 interface, due to relatively higher 
reactivity and diffusivity of atoms of In than Cu. Nevertheless, diffusion of Cu atoms is 
also expected to occur during reflow, at least in the initial stage. Therefore, a three-step 
process was inferred to take place continuously at the In/Cu interface of thin joints 
during reflow: (i) diffusion of In atoms across the bulk of the Cu9In16 layer;  
(ii) chemical reaction with the introduction of In atoms and dissolved Cu atoms at the 
Cu9In16/Cu interface; (iii) chemical reaction associated with simultaneous  
inter-diffusion of In and Cu atoms at the Cu9In16/formed Cu2In layer and formed Cu2In 
layer/Cu interfaces. 
 
With respect to substrate types, some differences between In-Ni and In-Cu systems 
were noted: (i) no IMCs were found at the In/Ni interface after electroplating of thin 
joints as seen in Figure 4-3. It is consistent with the results reviewed by Simić and 
Marinkvić [25]: In-Cu IMCs formed immediately at room temperature after film 
deposition but no phase was formed at the interface of the In-Ni thin-film couple until 
21 days after deposition; (ii) only the Ni10In27 phase was formed at the In/Ni interface 
in both thin and thick joints after reflow.  
 
The total thickness of the IMC layer at both In/Cu and In/Ni interfaces was measured 
for both thin and thick joints employing software Image J based on SEM micrographs, 
as given in Table 4-3.  
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Table 4-3 Measured thickness of In-Cu and In-Ni IMC layers after electroplating (where 
applicable) and reflow (in µm) 
 In-Cu IMCs In-Ni IMC 
Thin joints Thick joints Thin joints Thick joints 
After electroplating 3.558 ± 0.18 ― ― ― 
After reflow 3.361 ± 0.22 3.326 ± 0.34 0.389 ± 0.23 0.33 ± 0.15 
 
As shown in Table 4-3, the total thickness of In-Cu IMCs in as-reflowed thin joints is 
fairly similar with that of Cu9In16 IMC obtained after electroplating, although the Cu2In 
phase was formed in the presence of Cu9In16 IMCs during reflow. It is deduced that a 
phase transformation, Cu9In16 (metastable) → Cu2In phase, likely took place by 
consuming the pre-formed Cu9In16 IMCs during reflow, apart from the three-step 
process mentioned above. It is consistent with the results obtained from the solid-state 
reaction (see Section 4.4.1.2). 
 
The growth kinetics of the continuous intermetallic layer is observed to obey an 
empirical power law describing the average intermetallic thickness (xത) as a function of 
time (t) and k୧୬୲ [17-19, 23-24] 
 
 xത ൌ xത଴ ൅ Aହk୧୬୲t୬ , (4-2) 
 
where xത଴ is the initial intermetallic thickness (at t ൌ 0), and Aହ is constant. The time 
exponent is given by n . The constant k୧୬୲  is the integration of chemical (k଴ ) and 
diffusional ( kଵ ) constants of parent elements in the solder-substrate system
(see Equation 4-3) 
 
 
 
k୧ሺ୧ୀ଴,ଵሻ ൌ Aସexp ൬െ
Q୧ሺ୧ୀ଴,ଵሻ
RT
൰, (4-3) 
 
The universal gas constant and temperature in Kelvin are denoted as R and T , 
respectively, and Aସ is constant. Q଴ and Qଵ are the activation energies for the chemical 
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reaction and diffusion process, respectively, which are related to the ratio of the applied 
temperature to the melting temperature of the pure element (T୦୭୫୭ ൌ T T୫⁄ ) [22]. Both 
parameters n and k୧୬୲ depend on the dominant mechanism in the IMC growth process. 
For instance, if it is in the chemically-controlled regime, k୧୬୲ ؆ k଴ and n ൌ 1 [17, 43]; 
if it is governed by diffusional growth, k୧୬୲ ؆ kଵ  and n ൌ 1/2 to 1/3 [18-19]. It is 
apparent that the IMC growth in the diffusion-controlled region is dependent on the 
diffusion rate of parent atoms. Consequently, for instance, the preliminary IMC layer 
could turn into a relative barrier for some of those parent atoms with lower mobility 
after achieving a critical thickness. Eventually, IMC growth rate could significantly 
slow down due to the lack of the supply of this type of atoms. The IMC growth at the 
In/Cu interfaces of thick joints and the In/Ni interfaces in both thin and thick joints 
during reflow could be interpreted to follow such a mechanism. This was confirmed by 
the IMC thickness obtained after reflow as given in Table 4-3: at the In/Cu interface, 
the thickness of IMC layer in the thick joints was comparable with that in the thin joints 
regarding the difference of single-phase IMC with the dual-layer IMC structure. 
Accordingly, growth kinetics of the In-Cu IMCs in thin joints can be also explained by 
the lack of supply of Cu atoms across the formed Cu2In layer. Similarly, IMC thickness 
at the In/Ni interface is similar for thin and thick joints. 
 
Above all, growth kinetics of the In-based IMC layer at the In/substrate (S) interface 
during reflow is deduced with the consideration of the presence of multi-layer IMCs 
(In/X1/substrate). With respect to the potential difference in the dissolution rate 
between thin and thick joints, new phases formed during reflow can be X2 or X3. So, 
for the In/X1/substrate interface, the In-based IMC growth could be carried on by the 
parallel partial chemical reactions 
 
 In + S= X2 , (4-41) 
 InX1 + S = X2 , (4-42) 
 
Otherwise, the partial chemical reaction  
CHAPTER 4   Characterization of indium-based intermetallics
 
- 102 - 
 
 In + S = X3 . (4-43) 
could occur at the In/substrate interfaces, for instance, formation of Cu11In9 IMCs at the 
In/Cu interface of thick joints. For the In-Ni IMCs, it should be more similar to the 
latter case for both joint thicknesses. 
 
4.4.1.2 Solid-state interaction between In and substrate 
Prior to room-temperature aging (298 K), low-temperature cycling was applied to the 
indium joints. This offers an approach to understand the sequence of stages in IMC 
evolution during the subsequent aging, particularly with the existence of multiple IMC 
layers. The effect of low-temperature cycling on the In-based IMC evolution will be 
discussed in more detail in Section 4.4.3.  
 
For the In-Cu system, different types of IMC evolution were found for as-reflowed and 
thermally-cycled thin joints during aging: a dual-layer Cu2In + Cu9In16 IMCs in  
as-reflowed thin joints transformed into Cu11In9 phase completely during aging  
(Figure 4-10 a). For thermally-cycled thin joints, only the Cu11In9 phase was found to 
replace Cu2In phase in the dual layer with Cu9In16 IMC remaining after aging  
(Figure 4-10 b–c). This illustrated that such dual-layer IMCs tended to transform into 
the Cu11In9 phase with a specific sequence during solid-state interaction (e.g. aging): 
Cu2In→Cu11In9 followed by Cu9In16→Cu11In9. Such sequential transformation shows a 
resultant competitive growth, which was reported in some other thin-film binary 
systems [26].  
 
In order to understand this, the change of concentration of In atoms over the In/Cu 
interface of thin joints after reflow was simplified into a four-layered structure  
(see Figure 4-17) by assuming the measured composition range of each IMC layer  
(see Section 4.3.1.1) as the homogeneity/stability range of each phase. The dashed line 
represents the concentration of In atoms in the Cu11In9 phase. The average 
concentration change of In atoms required for phase transformation Cu9In16→Cu11In9 is 
given by ∆CIn
1 , where ∆CIn
2  is required for phase transformation Cu2In→Cu11In9. It is 
apparent that phase transformation of Cu9In16→Cu11In9 requires the reduction of 
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concentration of In atoms in Cu9In16. The transformation from Cu2In→Cu11In9 requires 
the increase of the concentration of In atoms. This is consistent with the finding in 
Section 4.4.1.1, i.e. formation of Cu2In phase during the liquid-state reaction was 
attributed to the participation of In atoms that were supplied not only by the bulk joint 
itself, but by consumption of the Cu9In16 layer (see Equation (4-42)). Comparing the 
difference in the concentration change required for phase transformation, it explains the 
observed sequential formation since phase transformation of Cu2In→Cu11In9 is 
kinetically easier than Cu9In16→Cu11In9 during competitive growth (∆CIn
2  < ∆CIn
1 ). 
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Figure 4-17 Schematic to depict sequential formation in multiple-layered structure of 
In/Cu9In16/Cu2In/Cu stated in thin joint (solid line represents concentration range of In atoms in 
each layer obtained after reflow; dashed line represents composition of Cu11In9 phase) 
In contrast, according to Equations (4-2) and (4-3), the IMC growth (i.e. Cu11In9) at the 
In/Cu interface of thick joints during aging is a typical example of single-phase growth. 
Concerning the aging temperature (298 K), it is more likely in the diffusion-controlled 
regime. Similarly, for the In-Ni system, only the Ni10In27 phase was formed at the In/Ni 
interface of both thin and thick joints after both reflow and aging processes. So, growth 
kinetics of In-Ni IMCs (i.e. Ni10In27) during solid-state interaction is governed by the 
diffusion process for both thin and thick joints. Apparently, the growth rate of these  
In-based IMC layers will slow down since a diffusion-controlled growth is inversely 
proportional to their thickness.  
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The total thickness of IMCs at the In/Cu and In/Ni interfaces obtained in aged  
as-reflowed joints for both thin and thick joints is given in Table 4-4. Comparable 
errors were induced by selecting the Ni10In27 IMC region of thin joints during the 
measurement due to its low thickness. In general, compared with the values obtained 
after reflow, there was little increase after aging due to low aging temperature. 
Table 4-4 Comparison of measured thickness of In-Cu and In-Ni IMC layers for both  
as-reflowed thin and thick joints between after reflow and room-temperature aging (in µm)   
 Total thickness of In-Cu IMC Total thickness of In-Ni IMC 
Thin joint Thick joint Thin joint Thick joint 
After reflow 3.361 ± 0.22 3.326 ± 0.34 0.389 ± 0.23 0.338 ± 0.15 
After aging 3.353 ± 0.27 3.950 ± 0.31 ― 0.544 ± 0.22 
 
4.4.2 Thermodynamics of interfacial reactions at In/Cu interface  
4.4.2.1  Thermodynamics of liquid-state reactions 
Cu9In16 and Cu2In were observed at the interface of thin joints after reflow, while only 
Cu11In9 was found at the interface of thick ones. As stated in Section 4.4.1.1, Cu9In16 
was formed at the interface of thin joints after electroplating. So, the primary IMC 
formation during reflow is Cu2In for the thin joints and Cu11In9 for the thick ones. To 
understand such differences, thermodynamic calculations are necessary by quantifying 
the relevant Gibbs energy of each individual phase (G஦ ) on the basis of certain 
thermodynamic models. Generally, the molar Gibbs energy of f.c.c. and the liquid 
phase in an A-B binary system can be expressed as follows:  
 
 G஦ ൌ ∑ x୧G୧
஦
୧ୀA,B ൅ RT ∑ x୧୧ୀA,B lnሺx୧ሻ ൅ xAxB ∑ LሺA,Bሻ
୨ሺ஦ሻ୫
୨ୀ଴ ሺxA െ xBሻ
୨ , (4-5) 
 
using an ordinary substitutional solution model (e.g. Computer Coupling of Phase 
Diagrams and Thermochemistry – CALPHAD). Here G୧
஦ represents the Gibbs energy 
of pure elements A and B, respectively. X୧ is the mole fraction of component elements 
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A and B. The jth order (j is a non-negative integer, often taking values lower than 3) 
interaction coefficent between A and B in φ phase, LሺA,Bሻ
୨ሺ஦ሻ , takes the form as follows 
 
 LሺA,Bሻ
୨ሺ஦ሻ ൌ a ൅ bT ൅ cTlnT , (4-6) 
 
in which the constants a, b and c are to be optimized considering the relevant 
experimental information, and T is temperature in Kelvin. So, for the In-Cu system, the 
Gibbs energy of the solution phases, liquid and FCC (Cu), were calculated based on the 
stated solution model, Equations (4-5) and (4-6). However, phases Cu11In9 and Cu2In 
were simplified to stoichiometric compounds, Cu0.55In0.45 and Cu0.64In0.36, due to 
limited thermodynamic and phase diagram data. Gibbs energy of these two compounds 
can be expressed below when the Neumann-Kopp approach is adopted 
 
 GC୳ౙI୬ౚ െ cGC୳
୤ୡୡ െ dGI୬
୲ୣ୲୰ ൌ E ൅ FT , (4-7) 
 
where CucInd represents the compounds, and c and d are ratios of atoms in the formula. 
The Gibbs energy of tetragonal In phase is denoted as GI୬୲ୣ୲୰. So, the Gibbs energy of 
phases Cu0.55In0.45 and Cu0.64In0.36 can be obtained using the following expressions  
[28-29] 
 
 GC୳బ.ఱఱI୬బ.రఱ െ 0.55GC୳
୤ୡୡ െ 0.45GI୬
୲ୣ୲୰ ൌ Eଵ ൅ FଶT , (4-81) 
 GC୳బ.లరI୬బ.యల െ 0.64GC୳
୤ୡୡ െ 0.36GI୬
୲ୣ୲୰ ൌ Eଶ ൅ FଶT . (4-82) 
 
E୧ୀଵ,ଶ  and F୧ୀଵ,ଶ  are optimized parameters. By applying Gibbs energies for pure 
elements Cu and In reported by Scientific Group Thermodata Europe (SGTE) [30] and 
thermodynamic parameters for solution and compound models optimized by Liu et al. 
[29], quantitative plots of Gibbs energies of relevant phases at reflow temperautre  
(493 K) are presented in Figure 4-18.  
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Figure 4-18 Gibbs energies of relevant phases in In-Cu system at reflow temperature (493 K): the 
solid straight line is the tangent between liquid and FCC; the dotted straight line via Cu11In9 is 
parallel to the tangent line. Gibbs energies of liquid phase, FCC (Cu), Cu11In9 and Cu2In are 
denoted by ‘―’, ‘---’, ‘▲’ and ‘■’, respectively. Determined from the common tangent  
(solid straight line in Figure 4-18) between the liquid phase (―) and FCC phase (---), the vertical 
distances between the tangent line and the Gibbs energies of Cu11In9 (▲) and Cu2In (■) correspond 
to the chemical driving force of formation [31-32] for both phases, denoted ∆۵܌૚ and ∆۵܌૛ , 
respectively. 
For interfacial reaction, the nucleation activation energy (∆Gכ) of a phase depends on 
the driving force (∆Gୢ) and the interface energy (σ୧୬୲ୣ୰) according to [32] 
 
 ∆Gכ ן
ሺσ୧୬୲ୣ୰ሻଷ
ሺ∆Gୢሻଶ
. (4-9) 
 
Therefore, the IMC phase that forms first or tends to be dominant will be the one that 
has the minimum value of ∆Gכ. For a liquid-state interface, the interface energy at the 
liquid-solid interface (σSL ) was estimated to be linearly proportional to the molar 
enthalpy of melting (∆H୫), namely when a solid metal changes into a liquid [33]  
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 ∆Gכ ן
ሺψ∆H୫ሻଷ
ሺ∆Gୢሻଶ
, (4-10) 
 
where ψ is the ratio of σSL ∆H୫⁄ , and is relatively constant for metals [34]. Hence, the 
value of ሺ∆Hmሻ3 ሺ∆Gdሻ2⁄  was adopted to estimate the nucleation activation energy of 
formation for IMC phases at the In/Cu interface during reflow. However, at a liquid 
solder/solid substrate interface, the liquid solder more likely exists in the mixture of 
solder and substrate atoms as a result of a dissolution process. Since the enthalpies of 
mixing of liquid at the interface depends strongly on the liquid composition, the 
favored nuclei initially at the interface could differ from different liquid composition in 
the same binary elementary system. For instance, liquid composition at local regions of 
the interface could be different due to different dissolving phenomena, which can be 
related to joint thickness, as discussed in Section 4.4.1.1. 
 
The enthalpy change of mixing of liquids at the In/Cu interface was calculated at reflow 
temperature (493 K) by using a five-coefficient fitting expression reported in [12]. It 
was plotted as a function of atomic percentage of In, as given in Figure 4-19. Inserting 
these quantitative data for both ∆Gୢ (see Figure 4-18) and ∆H୫ (see Figure 4-19) into 
ሺ∆Hmሻ3 ሺ∆Gdሻ2⁄ , the estimated change of activation energies of nucleation (∆Gכ) of 
both Cu11In9 and Cu2In phases, corresponding to ሺ∆Hmሻ3 ሺ∆Gdଵሻ2⁄  and ሺ∆Hmሻ3 ሺ∆Gdଶሻ2⁄ , 
is demonstrated as a function of composition in Figure 4-20. As can be seen, activation 
energies of nucleation (∆Gכ) of both Cu11In9 and Cu2In phases are similar when the 
liquid at the interface is In-rich; it can be considered to be thermodynamically 
equivalent. But the difference grows with the increase in the concentration of Cu atoms 
in the liquid. The magnitude of the nucleation activation energy required to form the 
Cu2In phase starts to be less than that to nucleate the Cu11In9 phase with the increase in 
the concentration of Cu atoms in the liquid. With good agreement to statements in 
Section 4.4.1.1, the Cu2In phase tends to nucleate before Cu11In9 at the interface of thin 
joints due to a higher dissolution rate of Cu atoms in thin joints compared to that in 
thick ones.  
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Figure 4-19 Enthalpy of mixing of In-Cu liquid at reflow temperature, calculated following [12] 
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Figure 4-20 Estimated change of activation energy of nucleation (∆۵כ) for both phases  
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It should be noted that certain assumptions were made in this section due to limited 
experimental data, as well as in order to facilitate thermodynamic calculations. It was 
assumed that IMC phases nucleated homogeneously (Equation (4-9)). However, it is 
highly likely that the nucleation of IMC at the liquid solder/solid substrate interface 
occurs heterogeneously and the wetting behaviour between the IMC and substrate 
becomes important, and can lead to a rather complicated case for interface energies 
(σSL). Generally, the above simplified approach offers useful insights to understand the 
fundamentals of formation of primary IMC during liquid-state reactions. 
 
4.4.2.2 Thermodynamics of solid-state reactions 
Applying the same calculation procedures stated in the above section, levels of the 
chemical driving force for both Cu11In9 and Cu2In during solid-state reactions (aged at 
298 K in this study) were obtained as given in Figure 4-21. Therefore, ∆Gୢଵ
ᇲ
 and ∆Gୢଶ
ᇲ
 
are the respective driving forces for Cu11In9 and Cu2In phases at aging temperature  
(298 K). Regarding Equation (4-9), it is assumed that the difference of the interface 
energy (σ୧୬୲ୣ୰) is not significant between Cu11In9 and Cu2In phases during solid-state 
reactions. Thus, the activation energy of nucleation (∆Gכ) can be evaluated through the 
chemical driving force (∆Gୢ). Accordingly, the IMC phase that has the maximum value 
of ∆Gୢ should tend to form preferentially. The calculated values of the driving force for 
both Cu11In9 and Cu2In phases are listed in Table 4-5. It indicates that the value of ∆Gୢ 
for the Cu11In9 phase is slightly greater than that for the Cu2In phase. 
 
However, phase transformations, for instance, Cu2In → Cu11In9, driven by the 
difference of Gibbs energies, were observed at the interfaces during solid-state 
reactions rather than the formation of new nuclei determined by ∆Gכ. Comparing the 
difference between Gibbs energies for Cu11In9 and Cu2In in Figure 4-21, it is obvious 
that Cu2In tends to transform into Cu11In9 with a lower Gibbs energy. 
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Figure 4-21 Gibbs energies of relevant phases in In-Cu system at aging temperature (298 K): the 
solid straight line is the tangent between Intetr and FCC; the dotted dash straight line via phase 
Cu2In is parallel to the tangent line. Gibbs energies of liquid phase, FCC. (Cu), tetragonal In (Intetr), 
Cu11In9 and Cu2In are denoted by ‘····’, ‘―’, ‘ ---’, ‘▲’ and ‘■’, respectively. 
 
Table 4-5 Calculation of chemical driving force for Cu11In9 and Cu2In in In-Cu system at aging 
temperature  
Temperature (K) Phase Model ∆Gୢ
RT
 
298 
Cu11In9 Cu0.55In0.45 1.903 
Cu2In Cu0.64In0.36 1.902 
 
4.4.3 Effects of low-temperature cycling and joint thickness on In-Cu 
IMCs growth 
The chemical reactions in phase diagrams, are commonly obtained under equilibrium 
conditions; this suggests that formation of the resultant phases depend upon the cooling 
temperatures and initial composition of an alloy system. However, the interfacial 
reactions and IMC growth that have to develop in a solder joint may be characterised as 
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a dynamic process since diffusion at the solder/substrate interface is a consecutive 
process. Consequently, meta-stable phases can emerge and then disappear in the course 
of a continuous diffusion process during liquid-solid reaction and solid-state growth 
between a solder and a substrate. Interfacial reactions have been experimentally 
observed in the In-Cu system at various conditions in this study and elsewhere [1-5, 25] 
as summarized in Table 4-6. 
Table 4-6 Interfacial reactions observed at In/Cu interface under various conditions in this study 
and [1-5, 25] 
Temperature  Interfacial reactions Source  
Room temperature (298 K) Cu + In → Cu9In16 [4-5, 24], this study 
Above 429 K Cu + In → Cu11In9 [1, 3], this study 
Cu + In → Cu2In this study 
Below 429 K Cu2In → Cu11In9 [2], this study 
Cu9In16 → Cu11In9 [5], this study 
 
The methodology used with respect to kinetics (Section 4.4.1) and thermodynamics  
(Section 4.4.2) of IMCs formation and their subsequent growth, successfully explained 
the occurrence of those interfacial reactions with the consideration of joint thickness. 
However, different responses of In-Cu IMCs to low-temperature cycling during aging 
for thin and thick joints demand further understanding. For example, in thin joints, 
Cu11In9 IMC substituted Cu2In+Cu9In16 IMCs completely at the interface of  
as-reflowed joint during aging, where partial Cu9In16 remained at the interface in the 
thermally-cycled joints after aging (observed subsquential formation in Section 4.3.2.2). 
Also, a significant increase in the thickness of In-Cu IMCs was observed at the 
interface of thermally-cycled thick joints during aging, but not in the as-reflowed thick 
joint under the same condition of aging. 
 
To explain the difference induced by low-temperature cycling, the thermal strain 
induced by low-temperature cycling of an indium layer and a Cu substrate has to be 
considered. When an initially strain-free layer undergoes thermal cycling between room 
temperature and lower temperatures, it is subjected to thermal strain in the layer due to 
CHAPTER 4   Characterization of indium-based intermetallics
 
- 112 - 
 
the substrate constraint. This is mainly due to the mismatch of coefficient of thermal 
expansion (CTE) between the solder layer and substrate materials. The strain in turn 
develops a thermal stress in the solder layer [35-36], considered as strain-free after 
reflow. Then, during low-temperature cycling, thermal strain, εth, resulting from 
differential thermal expansion of the indium layer and Cu substrate can be described as 
 
 εthൌ න ሺαI୬ െ αC୳ሻdT
Tభ
T0
, (4-11) 
 
where T0 and T1 are the initial and final temperatures of low-temperature cycling in 
Kelvin, respectively; αIn and αCu are the CTEs of In and Cu, respectively. αIn are 23.2 at 
76 K and 30 at 293 K [37] and αCu are 8.33 at 80 K and 16.5 at 300 K (in 10-6/K) [38]. 
Hence, strain higher than 0.3% could be induced and concentrated at the In/Cu interface 
after a low-temperature cycle from 298 K to 76 K. This was also predicted by 
numerical analysis [39]. In this case, the deformation mechanisms in the In-Cu IMC 
layer could depend on the stress level from the CTE mismatch of the indium layer and 
Cu substrate, and the strain rate to be controlled by the temperature ramp rate of  
low-temperature cycling. Subsequently, on the basis of the general deformation 
diagram in Figure 2-14 [27], either dislocation flow or boundary movement is 
considered to be the dominant deformation mechanism during low-temperature cycling 
and following aging. This is supported by the estimated residual stress level from the 
numerical analysis (see Chapter 7). Some literature [40-41] reported stress relaxation, 
for example, in a film bonded with a substrate, via grain-boundary movement  
(e.g. hillock growth) after repeated temperature cycles involving cryogenic 
temperatures. Residual stresses generated in the In-Cu IMC layer during  
low-temperature cycling could be relaxed via grain-boundary movement in the 
following aging process. Generally, grain boundary movement is dependent on grain-
boundary mobility (M), which is strongly temperature-dependent and follows an 
Arrhenius-type relation [26] 
 
 MൌM0expሺ‐
Q
RT
ሻ , (4-12) 
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where M0 is a temperature-insensitive constant and the activation energy (Q) is related 
to the thermally-activated atomistic process. The influence of certain thermally-
activated processes on Q could lead to the difference in grain-boundary mobility at the 
evaluated temperature in comparison to cases without such processes. Cuppam [42] has 
studied the annealing behaviour of pure indium after deforming it at liquid-nitrogen 
temperature (76 K), and proposed that deformation at cryogenic temperature affected 
the annealing behaviour of pure indium mainly due to the activated high grain-
boundary mobility after indium was rapidly heated back to room temperature (298 K). 
Such mobility led to rapid growth of pure indium grains. Hence, a predominantly 
coarse-grained structure of indium was observed as a result of the temperature rising 
from 76 K to 298 K in their work.  
 
In this study, room-temperature aging following low-temperature cycling is expected to 
be such a process that promotes thermal relaxation of residual stresses through grain-
boundary movement (for instance, grain coarsening). This is partially confirmed by the 
formation of hillock-shaped IMC observed at the In/Cu interface of aged thermally-
cycled thick joints (see Figure 4-11 b), but not in the as-reflowed joints under the same 
condition of aging (see Figure 4-11 a). So, the effect of low-temperature cycling on the 
solid-state growth of the In-Cu IMCs can be interpreted as this: the coarsening of the 
In-Cu IMCs stimulated by activated grain-boundary mobility, termed as thermally- 
activated grain coarsening, was predominant in thermally-cycled joints during aging, 
whilst the growth of In-Cu IMCs without low-temperature cycling treatment is 
controlled by diffusivity, i.e. the diffusional constant in Equation (4-3) of In and Cu 
elements at the interface during solid-state reactions as stated in Section 4.4.1.2 and in 
[1-2, 21-24]. Considering phase-transformation and coarsening processes, one or both 
of them could be expected during solid-state interfacial reactions, including the 
diffusion-governed regime. Thus, phase transformation was highly likely to be the 
dominant process at the interface of as-reflowed thin joints during aging while 
thermally-activated grain coarsening was found in thermally-cycled ones.  
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Based on the above analysis and interpretations, a conceptual model on mechanisms of 
the interfacial reactions and growth at the In/Cu interface is proposed by considering 
joint thickness and the effect of low-temperature cycling, as shown in Figure 4-22 to 
Figure 4-24. The major stages are explained as follows:  
 
(i) During reflow, different IMCs can be formed at the In/Cu interface in the joints, 
which can be related to the different dissolution rates (Figure 4-22). For a thin joint, the 
Cu2In phase was formed at the interface after reflow on the basis of pre-formed Cu9In16 
during electroplating (Figure 4-22 a). For a thick joint, single and relatively stable 
Cu11In9 IMCs were formed at the interface (Figure 4-22 b). A higher cooling rate at the 
interface of thin joints induced by a smaller volume of indium solder than that in thick 
joints encouraged different morphologies of IMCs.  
 
(ii) During the solid-state growth, the higher grain-boundary mobility activated by  
low-temperature cycling prompted another mechanism of the IMCs evolution during 
aging. In the case of thermally-cycled thin joints, thermally-activated grain coarsening 
was predominant rather than phase transformation in the evolution of  
In-Cu IMCs during aging. In contrast, only phase transformation via the diffussional 
process principally occurred in as-reflowed thin joints during aging. Therefore, the 
Cu2In+Cu9In16 dual-layer IMCs formed during reflow may have transformed into 
Cu11In9 partially (Figure 4-23 a) or completely (Figure 4-23 b) during aging. However, 
for thick joints, only Cu11In9 IMCs were found at the interface of both as-reflowed and 
thermally-cycled joints during aging, which is a stable phase at the room temperature 
(see Section 1.3). The coarsening was expected to be the only dominant process in the 
IMC growth in thick joints during aging, as illustrated in Figure 4-24. So, thermally-
activated grain coarsening by low-temperature cycling could offer another driving force 
for the coarsening process of the IMC growth during aging in thermally-cycled joints. 
Associated with such a treatment, a higher increase in thickness of the Cu11In9 IMC 
layer could be expected during aging when the joints underwent low-temperature 
cycling prior to aging (Figure 4-24 a) in comparison with that without the cycling 
treatment (Figure 4-24 b).  
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(a) (b) 
Figure 4-22 Schematics on intermetallics formation at In/Cu interfaces during reflow: (a) thin joint; 
(b) thick joint  
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(a) (b) 
Figure 4-23 Schematics on intermetallics evolution at In/Cu interfaces of thin joints during aging 
by considering effects of low-temperature cycling: (a) thermally-cycled joint; (b) as-reflowed joint 
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(a) (b) 
 
Figure 4-24 Schematics on intermetallics evolution at In/Cu interfaces of thick joints during aging 
by considering effects of low-temperature cycling: (a) thermally-cycled joint; (b) as-reflowed joint 
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4.4.4 Comparison of interfacial reactions and growth at In/Ni interfaces 
4.4.4.1 Characterization of In-Ni IMC 
A comparative study of interfacial reactions and evolution at the interface of In and the 
Ni/Cu substrate showed that In-Ni IMC (i.e. Ni10In27) had a propensity to be less 
sensitive to joint thickness and low-temperature cycling than In-Cu IMCs. Referring to 
the study of In-Cu IMCs during liquid-state and solid-state reactions, some factors were 
identified as important in defining the In-Cu IMCs characterization in view of joint 
thickness and low-temperature cycling: (i) existence of the multiple IMC layer;  
(ii) dissolubility of substrate atoms into liquid solder; (iii) chemical reactivity (k଴) and 
diffusivity (kଵ). So, the best way to understand the characteristics of In-Ni IMCs is to 
analyze these factors: 
 
(i) Regarding the In-Ni phase diagram [14] and the literature on In-Ni IMCs  
[3, 6-8], only the single phase (Ni10In27) was reported at the studied temperature range. 
Certainly, it was a rather complex case in the In-Cu system (see Section 1.3). 
(ii) Regarding dissolubility of Ni atoms into liquid indium, it is much lower than 
that of Cu atoms (see Hashimoto et al. in Section 1.3); thus, one could expect an 
indistinguishable difference due to joint thickness. Also, comparing the IMC thickness 
(see Table 4-3), the total thickness of In-Ni IMCs for both thin and thick joints was 
almost ten times less than that of In-Cu IMCs after reflow. It could be related not only 
to lower dissolubility of Ni into liquid indium, but also to lower reactivity and 
diffusivity of Ni with indium due to the inertness of Ni. 
(iii) According to Equation (4-3), both chemical reactivity and diffusivity of a 
material indicated a strong dependence on applied temperature and activation energy of 
the material (Q). Under the same reflow temperature and conditions, the activation 
energy for the In-Cu IMCs growth lies between 20 and 37.06 kJ/ mol [1-3], where as 
the average value for the growth of Ni10In27 IMC is about 90 kJ/ mol [3, 6]. Therefore, 
the growth of In-Ni IMCs during both liquid-state and solid-state reactions will be 
much slower than that of the In-Cu IMC under the same temperature conditions. As 
discussed on the growth kinetics of In-based IMC (Section 4.4.1), the characteristics of 
In-Ni IMC for both thin and thick joints could behave fairly similarly to the case of  
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In-Cu IMCs in thick joints during liquid-state and solid-state reactions. Thus, in order 
to understand the response of In-Ni IMCs to low-temperature cycling, the total 
thickness of Ni10In27 IMCs in thick joints was compared to that of In-Cu IMCs in thick 
joints with different thermal conditions. All the data were normalized by the value 
obtained after reflow for comparison, and plotted as a function of different thermal 
conditions, as given in Figure 4-25. ‘0’ on the X axis stands for the normalized value of 
IMC thickness after reflow. Similarly, for as-reflowed joints, ‘1’ on the X axis 
represents the IMC thickness after room-temperature aging; for thermally-cycled joints, 
‘1’ and ‘2’ on the X axis represent the joints that underwent respectively five and nine 
low-temperature cycles, followed by the same aging. Figure 4-25 indicates that the 
response of Ni10In27 IMCs to low-temperature cycling was similar to Cu11In9 IMC 
during aging. In detail, the thickness of the thermally-cycled thick joints (-Δ-) of both 
Cu11In9 (Figure 4-25 a) and Ni10In27 IMCs (Figure 4-25 b) increased more than the one 
without such treatment (-▼-) during aging. Apparently, the growth of Ni10In27 IMCs 
due to low-temperature cycling was much smaller than that of Cu11In9 IMCs, due to 
much lower reactivity and diffusivity of element Ni than Cu, as stated before. Above all, 
the growth of In-Ni IMC was annihilated due to the low dissolution and diffusion rates 
of Ni atoms and high activation energy of phase growth; even low-temperature cycling 
had a limited effect. 
 
4.4.4.2 Extreme Ni10In27 IMC grains near the interface of thick joints 
During the study of In-Ni IMCs, extremely large Ni10In27 IMC particles were found 
near the interface of thick joints after reflow. With reference to the SEM micrograph  
(Figure 4-26), one possible explanation is that these large particles were induced by 
spalling into the solder during reflow, which was observed in many high-Sn solder 
systems with Ni-based thin-film UBM, named spallation [43-46]. The interpretation of 
a spalling behaviour mainly focus on two aspects: one is the wettability of IMCs to the 
underlying layer after the exhaustion of the reaction layer of the substrate and/or a 
limiting constituent in the solder; the other is mechanical stress induced during either 
formation or growth of IMCs associated with the geometrical changes of the IMC 
structure. 
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(b) 
Figure 4-25 Variation of thickness of IMC layer as function of different thermal conditions: (a) 
Cu11In9 IMC layer, (b) Ni10In27 IMC layer 
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to two different joint thicknesses and to low-temperature cycling between 298 K and  
76 K were compared after room-temperature aging (298 K). The highlights of main 
findings are summarized as follow: 
 
1. Different chemical reactions at the In/Cu interface were observed for both thin 
and thick joints after reflow. A dual-layer of Cu2In and Cu9In16 was observed at the 
interface in the thin joints, with only a single dense and continuous layer of Cu11In9 
being formed at the interface of the thick joints after reflow. However, Cu9In16 IMCs 
were found to form during electroplating at room temperature. For the In-Ni system, the 
sole Ni10In27 phase was found at the interface of both thin and thick joints after reflow. 
 
2. In terms of solid-state growth, a sequential transformation was observed at the 
In/Cu interface of thermally-cycled thin joints during aging, Cu2In→Cu11In9 followed 
by Cu9In16→Cu11In9. A single Cu11In9 phase was identified at the In/Cu interface of  
as-reflowed thin joints after aging. In contrast, there was no phase transformation 
observed at the In/Cu interface of the thick joints as well as at the In/Ni interface in 
both thin and thick joints during aging whether low-temperature cycling was applied or 
not prior to aging. 
 
3. Growth kinetics of In-based IMC was proposed for both liquid-state reactions 
and solid-state growth, by considering the existence of a layer with multiple IMCs, 
dissolubility of substrate atoms into liquid solder and diffusivity of both indium and 
substrate atoms. In addition, thermodynamic calculations were employed successfully 
to interpret the observed different chemical reactions for thin and thick joints during 
reflow and the corresponding phase transformation in the subsequent aging. 
 
4. As to the response of In-based IMCs to low-temperature cycling, at the In/Cu 
interface of thin joints, the dual-layer IMCs (i.e. Cu2In+Cu9In16) formed from reflow 
transformed into Cu11In9+Cu9In16 at the interface for the thermally-cycled joints during 
aging. However, the dual-layer IMCs transfomed into Cu11In9 completely in the  
as-reflowed joints during aging. For the thick joints, a single Cu11In9 IMC layer at the 
interface of thermally-cycled joints had a significant increase during aging (more than 
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10 µm) compared to the as-reflow joints, leading to crack nucleation inside the IMC 
layer due to the brittleness under the critical thickness. 
 
5. The characterization of the In-Ni IMCs for both thin and thick joints, including 
the response to low-temperature cycling, demonstrated that they behaved fairly 
similarly to the In-Cu IMC of thick joints during liquid-state and solid-state reactions, 
but with a much lower rate due to its low dissolubility, reactivity and diffusivity. 
 
6. One possible explanation for the effect of low-temperature cycling on IMC 
growth is the higher grain-boundary mobility activated by low-temperature cycling, 
termed as thermally-activated grain coarsening, which prompted another mechanism 
on the IMCs growth during aging. Thus, a conceptual model of the mechanism of 
interfacial reaction and evolution at the In/Cu interface was established by considering 
low-temperature cycling and different joint thicknesses. 
 
In this chapter, the experimental results suggest that the thermal condition and history 
of an electronic device in manufacturing and service can have a significant effect on the 
formation and subsequent growth of intermetallics. The character of IMCs in the solder 
joints, which governs the integrity of solder joints, is one of the most important factors 
that can determine the reliability of electronic packages. The reliability of indium joints 
subjected to thermal cycling in the range of cryogenic temperatures will certainly affect 
their lifetime due to realization of different mechanisms of formation and growth of 
IMCs. 
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CHAPTER 5 — Deformation properties of indium 
joint 
 
 
5.1 Introduction 
Electronics is moving into the micro-scale or even nano-era with the requirement of 
higher levels of integration, which could offer more functionality at a decreased size 
and weight with lower cost. As a result, the deformation properties of solder joints will 
become more and more critical with regard to their effect on the long-term performance 
of novel electronic devices. In addition, the deformation properties of solder joints at a 
microscopic scale are expected to be different from the macroscopic, since the 
dimensions of solder joints are reduced to a length scale at which mechanical and 
fatigue properties of each grain can have a significant influence on the overall 
properties, reflecting the anisotropic nature of the solder’s characteristics. Thus, it is 
important to evaluate the material properties of solder joints at the micro-scale. 
 
Reliability of an electronic assembly is determined by the integrity of the solder joints, 
which depends not only on the properties of the solder material but also on the 
characteristic of intermetallics (i.e. IMCs). Hence, it is essential to gain knowledge of 
the deformation and fracture behaviour of a solder joint by considering its 
microstructure characteristics apart from the material properties of solder itself. In 
Chapter 4, the studies of characterization and evolution of In-based IMCs demonstrated 
that IMCs could perform differently, depending on both the joint thickness and 
substrate type. Hence, the deformation and fracture behaviour of indium joints with 
different joint sizes and substrate types will be investigated in this chapter. 
 
As stated in the previous chapters, pure indium is a good candidate for applications in 
electronics packaging for low-temperature applications (for instance, for a hybrid pixel 
detector in Figure 1-5) because of its cryogenic stability, thermal and electrical 
conductivity, excellent ductile nature as well as good self-alignment capability.
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However, most of the mechanical data (e.g. stress-strain properties) were detailed for 
bulk indium, including those at cryogenic temperatures [1-3]. Darveaux [4] completed a 
systematic study on the properties of indium joints, which was mainly conducted at and 
above room temperature. However, the thermally-induced stresses in the indium joints 
used in low-temperature microelectronics are linked to a larger temperature change. 
Hence, it is necessary to investigate the deformation behaviour of the indium joints by 
considering the effect of such change of thermal conditions. 
 
In addition, due to the low melting temperature of indium (Tm = 429 K), even room 
temperature (298 K) represents a homologous temperature (T୦) greater than 0.6 Tm. 
This results in the indium joints being loaded under conditions where it can be 
susceptible to creep, i.e. exposure to constant load at elevated temperatures. For some 
‘rate-sensitive’ and relatively low strain-hardening metals and alloys, the experimental 
results [5] have indicated that creep occurs at 0.1 - 0.3 T୫ temperatures. This means 
that indium serving as interconnection at cryogenic temperatures, for example, is 
already close to 0.3 T୫  at 120 K. The investigation of creep for bulk indium [25] 
indicates the steady-state creep strain rate predominantly increased with the increase in 
applied stress at 76 K (see Figure 2-11). Hence, creep should be an important feature of 
deformation properties during its low-temperature applications. 
 
A numerical analysis on the basis of a typical low-temperature application, a hybrid 
pixel detector system (Medipix 3), is implemented in Chapter 6. The results indicated 
that the indium joint was mainly subjected to tensile stresses as the system was 
undergoing low-temperature cycling between 300 K and 76 K, which could be a 
condition at its in-service lifetime. Therefore, the tensile mode was adopted to evaluate 
the deformation properties of the indium joints in this chapter. 
 
In the present chapter, stress-strain properties of the indium joints are measured at room 
temperature by considering various joint sizes (thin and thick joints) and substrate types 
(Cu and Ni/Cu substrates). Comparison of the stress-strain properties of the indium 
joints was made regarding to these factors. The response of the deformation behaviour 
of the indium joints to low-temperature cycling was investigated as well. In addition, 
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the creep behaviour of the indium joints at room temperature was conducted and 
compared regarding to the joint size and substrate type. It is useful for understanding 
the effect of microstructure on the properties of the indium joints under the same scale 
of joint sizes. This chapter also examines the temperature- and stress-dependent creep 
behaviour of the indium joints for both macro- and micro- joint sizes. A methodology 
was developed to predict the deformation mechanism with respect to a wide range of 
homologous temperatures, and a constitutive relationship for the indium joint was 
proposed on the basis of the experimental data and the developed methodology. 
Afterwards, the fracture behaviour was analyzed by means of SEM. 
 
5.2 Experimental methodology 
5.2.1 Specimen fabrication 
Bulk indium (In), used to form the thick joints in Chapter 4, was adopted in this study 
for the fabrication of the testing specimens, including both thin and thick joints. 
Similarly, the copper sheet (Cu) with a chemical composition of a minimum of  
99.99 wt.% Cu was employed as the substrate. In typical electronic packaging 
techniques, solder joints connect the components through tracks with copper being one 
of the common materials. Thus, the deformation and fracture behaviour of the indium 
joints made with Cu can be used as equivalent to the real application concerned with 
the potential mismatch of CTE between the indium joint and copper tracks. Also, since 
copper is a common component of the UBM structure, the effect of IMCs formed 
between indium and copper can be included into this study by using copper as the 
substrate. In addition to Cu as the UBM substrate, Nickel (Ni) was employed in some 
tests in this chapter, which was electroplated on a Cu substrate (Ni/Cu substrate) to 
compare the effect of the microstructure on the deformation behaviour of the indium 
joints. 
 
The major procedures of the specimen fabrication are schematically shown in  
Figure 5-1. The original dimension of the copper sheet employed as both substrate and 
base material for electroplating Ni was 30 mm (L) × 80 mm (W) × 1 mm (H) as given 
in Figure 5-1 (a). The side surface of the Cu sheet was chosen to be the fabrication area 
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as indicated in Figure 5-1 (a). A Ni layer was electroplated on this specified surface 
before applying indium to form In/Ni/Cu joints, otherwise an indium joint was formed 
directly on this surface for In/Cu joints. The electrolytic bath and parameters for 
electroplating Ni are the same as used in Section 4.1.1, as well as the preparation 
procedure for the Cu sheet before electroplating. The apparatus for plating is shown in 
Figure 4-2. The finish thickness of the Ni layer was 2.5 ± 0.5 µm. Similarly, the same 
treatment as summarized in Section 4.1.2 was applied to prepare the surface of the 
substrate (Cu and Ni/Cu) for the reflow process. 
 
With respect to formation of the indium joints, the following procedures were 
implemented: (i) bulk pure indium was rolled down to an approximate thickness of the 
targeted joint. (ii) the rolled bulk indium was cut into a piece of 80 mm (L) × 1 mm (W) 
which are in the range of the dimensions of the contact surface. (iii) the prepared 
indium sheet was inserted between two substrates as shown in Figure 5-1 (b). (iv) the 
joint formation was achieved by reflow soldering. A size-control device was developed 
in order to control accurately the joint thickness to enable the formation of the indium 
joints during reflow. The device’s structure is demonstrated in Figure 5-2. 
 
As seen in Figure 5-2 (a), two movable parts (component 3) were assembled on a base 
(component 4). During fabrication of the indium joint, two substrates with the specified 
surfaces facing each other were aligned in the respective 1mm-depth groove of these 
two movable parts (component 2) and fixed (component 1). A spiral-micrometer 
connected through the sliding pin (component 5) was employed to adjust the gap 
between the two movable parts through a 45-degree cone mandrel (component 6) as 
demonstrated in Figure 5-2 (b). Meanwhile, four-sets of sliding tracks (component 7) 
through bolt (component 8) were adjustable to ensure linear alignment of the two 
movable parts during gap adjustment. A spring (component 9) was used to control the 
accuracy of gap adjustment. Consequently, an arbitrary joint size within a range from 
0.05 to 5.0 mm could be obtained with the size-control device following the approach 
illustrated in Figure 5-1 (b). In this study, two joint sizes were chosen: the thin joint 
with a thickness of 100 µm represented the micro-scale, and the thick joint with a 
thickness of 1 mm was used as the macro-scale for comparison.  
CHAPTER 5 Deformation properties of indium joint
 
- 132 - 
 
 
 
 
 
(a) 
 
(b) 
 
(c) 
Figure 5-1 Schematics of preparation procedures of specimen fabrication: (a) original dimensions 
of copper sheet used in this study (including also as the base material for Ni/Cu metallization);  
(b) preparation of indium joints before reflow; (c) cutting process to obtain individual test 
specimen after reflow 
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(a) 
 
(b) 
Figure 5-2 Device for thickness control of indium joints (size-control device) during fabrication:  
(a) top-view; (b) bottom-view. (1) fixture to fasten substrate; (2) holder to align substrate;  
(3) movable part; (4) base; (5) sliding pin to connect with spiral micrometer; (6) 45-degree cone 
mandrel; (7) sliding track; (8) bolt (M4) to adjust the clearance between movable part and base;  
(9) spring. 
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For the reflow process, the planer T-Track reflow oven described in Section 4.1.2 was 
employed in this study (seen in Figure 4-4). In order to allow complete wetting between 
indium and the specified surface of the substrates and ensure the quality of the 
interconnects, a strong flux - Actiec 5 (Milticore) - was selected to apply to the 
fabricated surfaces prior to the reflow process. Figure 5-3 indicates the order of 
preparation for the reflow process to localize the indium piece and apply the flux. The 
main stages are: (i) align two substrates in the size-control device and fix them;  
(ii) adjust the targeted gap between the two substrates with the size-control device;  
(iii) apply the flux over the gap, in particular, fully cover the fabrication surface;  
(iv) localize a piece of indium in the gap covered by flux; (v) reflow the entire device in 
the reflow oven. 
 
 
Figure 5-3 Schematic diagram of preparation procedures of specimen for reflow process  
Flux
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The reflow profile applied to form the indium joint is shown in Figure 5-4. As stated in 
Chapter 4, a K-type thermocouple was attached to the Cu substrate to measure and 
control the actual temperature of the sample during reflow. All the joints were formed 
by reflow in air with a peak temperature of 500 K (227 °C) for 400 s. The cooling rate 
of the reflow process was about 0.2 K/s. After reflow, the large planar joint was 
carefully detached from the size-control device, and excess indium was mechanically 
removed. Then, all the large planar joints were cut perpendicular to the welding line to 
produce the testing specimen as shown in Figure 5-1 (c). The cutting process was 
performed with a low-speed saw, with little mechanical damage to the joints during the 
cutting process. In this study, the specimen’s configuration for testing is schematically 
shown in Figure 5-5. For the thin joints, the dimension of indium joints along the Y axis 
was 120 ± 30 µm. It was close to 1 mm on average for the thick joints. All the 
specimens were stored at room temperature for 1-3 days to allow stress relaxation 
before testing. 
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Figure 5-4 Reflow profile used to form indium joint for testing; Tm is melting temperature of 
indium 
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Figure 5-5 Specimen configuration for testing: top-view (left); size-view (right). All dimensions are 
in mm. 
5.2.2 Testing technology 
An Instron 5848 Micro Tester system (Figure 5-6) was chosen for testing to achieve: 
i) a wide range of strain rates with constant loading; 
ii) a lower loading rate for the condition to simulate the creep regime. 
The Micro Tester load frame features two precision aligned columns (component 4) 
fixed to a rigid support base (component 6) and a movable upper crosshead (component 
1). This design allows us to obtain accurate and repeatable deformation as well as 
displacement control, which can provide better than 0.5 µm in accuracy. Besides, a 
highly sensitive Instron 2630-100 series extensometer with a gauge length of 10 mm 
was mounted onto the test specimen near to the indium joint during testing as shown in 
Figure 5-5 with the dashed lines. Thus, during testing, the deformation (displacement) 
within its gauge length can be specified. The deformation data from the extensometer 
was transferred to the Micro Tester’s data acquisition system (component 7 in  
Figure 5-6). 
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Figure 5-6 Instron 5458 Micro Tester applied for testing: (1) crosshead; (2) loading cell; (3) control 
panel; (4) aligned columns; (5) fixtures; (6) support base; (7) data acquisition unit 
5.2.3 Data analysis 
During testing, the measured deformation is expected to include multiple components, 
i.e. the machine set, the Cu substrate of the specimen and the indium joint itself. With 
the primary interest of this present study being the deformation properties of the indium 
joints, an approach was applied to enable the separation of the deformation of the 
indium joints from the rest of the components. 
 
As stated above, a highly sensitive extensometer was used during testing that can 
minimize the effect of the machine (e.g. compliance) since it was mounted on the 
specimen and only measured changes of the gauge length. The copper used in this study 
has a tensile strength of 210 MPa and Young’s modulus of 110 GPa at room 
temperature, which are much higher than those of indium. This allows the achievement 
of plastic deformation in the indium joint with the copper substrate deformed in the 
elastic range. On the basis the deformation of the copper was primarily in the elastic 
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region during testing under the given loading conditions [4, 6], the actual deformation 
of the indium joint (δI୬), can be derived by subtracting the elastic deformation of the 
copper (δC୳) from the measurements recorded by the extensometer (δୣ୶୲) 
 
 δୣ୶୲ ൌ δI୬ ൅ δC୳ , (5-1) 
   
with δC୳ ൌ
PLC୳
AEC୳
 (5-2) 
 
where P is the applied load, LC୳ , A and EC୳ are the length and the cross-sectional area 
of the copper in the specimen, and the Young’s modulus of copper, respectively. 
 
Six specimens were tested to establish an average value for each type of experiment on 
the basis of ASTM standard E 105-58. Two types of tests were conducted: (i) constant 
displacement-rate controlled test; (ii) creep: the temperature range employed was 
between 298 and 386 K, but most of the data were obtained at 298 K. In addition, 
several tests were carried out under constant displacement rate after low-temperature 
cycling between 76 and 298 K. Tests were run under tensile loading. A summary of the 
experimental structure is given in Table 5-1. 
 
Table 5-1 Experimental structure of present study (‘X’ stands for the tests performed) 
Testing type Temperature/ K 
In/Cu In/Ni/Cu 
Thin joint Thick joint Thin joint Thick joint 
Constant 
displacement 
rate 
298  X X X X 
cyclic   X X 
Creep 298  X X X X 
298 to 386  X X   
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5.3 Stress-strain properties of indium joints at room temperature 
All the stress-strain properties of the indium joints were obtained at a constant 
displacement rate at room temperature (298 K) by shifting the crosshead at a fixed rate. 
Most samples were tested at a displacement rate of 0.08 mm/s (the strain rate 
approximately 0.0075 s-1). The value of the displacement rate was chosen so that 
specimens do not fall in the creep regime, i.e. at the maximum stress level during trial 
testing. In addition, one set of tests with two displacement rates, 0.0013 mm/s and  
0.08 mm/s, was conducted in the In/Ni/Cu case for both thin and thick joints to 
understand the effect of strain rate on the mechanical properties of the indium joints. 
All the stress-strain characteristics of the indium joints are presented using an 
engineering stress-strain curve by assuming the equivalent level to the true stress-strain 
due to a small deformation range. 
5.3.1 Results and discussions 
5.3.1.1 Stress-strain properties of indium joints at constant displacement rate 
The typical stress-strain curves of the indium joints on both the Cu substrate and Ni/Cu 
metallization are presented in Figure 5-7 for both thin and thick joints. The stress-strain 
curves demonstrate the plastic deformation associated with strain hardening and 
necking in indium joints after a limited elastic range. During testing, both sizes of the 
indium joints still retained ductility when the load dropped by up to 50%, similar to 
pure indium at room temperature.  
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Figure 5-7 Stress-strain characteristics of indium joints with two types of substrates: thick (solid 
line) and thin (dashed line) joints on Cu substrate; thick (-■-) and thin (dotted line) joints on Ni/Cu 
substrate (298 K, displacement rate 0.08 mm/s) 
The stress-strain curves obtained in the present study show a good agreement with the 
stress-strain characteristic of the indium joints obtained by Darveaux [4] as given in 
Figure 5-8. However, the difference in the magnitude of the strength and the elongation 
is due to different testing conditions and the geometry of the specimen. Compared with 
the stress-strain curve of pure bulk indium (Figure 2-5 in Chapter 2), the indium joints 
exhibited more strengthening in terms of both the yield stress and the ultimate strength, 
which has been recognized in the mechanical study of bulk solder and solder joints  
[7-9].  
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Figure 5-8 Stress-strain curve of Cr/Ni/Cu metalized indium joint with 486 µm thickness (297 K, 
displacement rate 0.81 µm/s) [4] 
From analysis of the stress-strain diagram for the In/Cu joints, it is apparent that elastic 
deformation of all the samples was very similar, for both thin and thick joints. Inversely, 
the plastic deformation of the thin joints exhibited more strain hardening than the thick 
joints (see Figure 5-7). It is evident from the magnitude of the yield stress and the 
ultimate strength of the thin joints is on average approximately 2-3 times higher than 
the one of the thick joints. A reference can be made to the well-known Hall-Petch 
relationship [10], according to which the different mechanical properties of a material 
can be attributed to the feature of grain size, which is generally determined by the 
cooling rate during the solidification process. In the present study, the same cooling rate 
was adopted in the fabrication of all the samples. Due to the significant volume 
difference between thin and thick joints, the cooling process is expected to be much 
quicker in the thin joint than in the thick joint evidenced by the obtained IMC 
morphology given in Figure 4-8. Moreover, Figure 5-9 demonstrates the cross-section 
of indium joint after reflow for both joint sizes. It implies that the grain size of the thin 
joint (Figure 5-9 a) was on average finer than the thick joint (Figure 5-9 b). Thus, it is 
expected that these finely distributed grains should contribute to strengthen the joint, 
termed as grain-size effect.  
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believed that these IMC particles could provide additional strengthening for the indium 
joints. Darveaux [4] also identified the same phenomenon in his study of mechanical 
properties of the indium joints. Although such IMCs particles were more likely to be 
embedded into the joints during reflow rather than as precipitates, it is expected to 
affect the plastic flow during deformation, for example, blocking the grain boundary 
gliding or sliding, denoted as dispersion strengthening in the present study.  
 
A summary of the yield stress and ultimate strength of the indium joints is listed in 
Table 5-2 for both joint sizes and substrate types. The yield stresses were calculated 
based on the offset method as illustrated in Figure 2-1 recommended by the National 
Institute of Standards and Technology (NIST) [14]. The results imply that indium joints 
on the Ni/Cu metallization have higher strength than the joints on the Cu substrate. 
Table 5-2 Yield stress and ultimate strength of indium joints (in MPa):  
298 K, displacement rate 0.08 mm/s 
 Yield stress Ultimate strength 
In/Cu Thick joint 1.60 ± 0.20 3.44 ± 0.26 
Thin joint 3.77 ± 0.51 4.93 ± 0.36 
In/Ni/Cu Thick joint 3.62 ± 0.22 5.17 ± 0.41 
Thin joint 3.98 ± 0.34 5.39 ± 0.40 
 
It is apparent that the stress-strain characteristics of the indium joints are dependent on 
the microstructure (e.g. IMCs) and the grain-size effect. Microstructure characterization 
of the indium joints with regard to the substrate type and joint thickness is implemented 
in Chapter 4. However, in order to assess the potential effect of the joint size, the 
mechanical testing of the indium joint was simulated and studied using finite element 
analysis (FEA). 
 
5.3.1.2 Effect of joint size and interface constraint 
In finite element analysis, an octant of the testing specimen was considered, as shown 
in Figure 5-10; the total thickness of the indium joint was chosen to be 100 µm for the 
thin joint and 1 mm for the thick one. The elastic properties of the indium joint were 
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presented with a Young’s modulus of 12.7 GPa and Poisson’s ratio of 0.4498 [3]. The 
stress-strain behaviour of the indium joint was modelled using the mechanical data of 
homogeneous bulk indium at 295 K as given in Figure 2-4. A comparison between the 
experimental and simulated stress-strain curves is presented in Figure 5-11. The latter 
curve was created using the multi-linear isotropic hardening material model due to the 
monotonic uniaxial tensile loading. The copper substrate was modelled as linearly 
elastic with a Young’s modulus of 110 GPa and Poisson’s ratio of 0.343. 
 
 
 
Figure 5-10 Tested specimen and its octant adopted for FE analysis (all dimensions are in mm) 
The geometry and boundary conditions used in simulations are illustrated in  
Figure 5-12. Symmetric boundary conditions were applied to all the symmetry planes 
of the specimen (labelled 2-4). Additionally, a displacement at the central top point of 
the specimen was constrained along the X, Y, and Z axis (labelled 1). The displacement 
boundary condition was applied at the end-face of the Cu substrate along the X axis. 
The value of the applied displacement was that the maximum total equivalent strain 
induced in the indium joint was about 5%. This value was selected so that the ultimate 
tensile stress of indium was achieved in the joint. The finite-element mesh was 
generated in ABAQUS software with 8-noded 3D hexahedron element type (C3D8R). 
Ideal bonding along the interface between the indium joint and the Cu substrate was 
assumed. 
 
30  
10  
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30 
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Figure 5-11 Experimental and simulated stress-strain curves for the indium joint 
 
 
Figure 5-12 Configuration of the indium joint specimen and boundary conditions in FEA model:  
1 - node with constraints for displacements along, and rotations around X, Y, and Z axes; 2, 3 and  
4 represent symmetry plane normal to X, Y and Z axis, respectively; 5 - indium joint 
The distributions of von-Mises stress in the indium joints for two different sizes -  
1.0 mm (thick joint) and 100 µm (thin joint) - are given in Figure 5-13. For the thick 
joint (Figure 5-13 a-b), the maximum equivalent stress is mainly at the centre of the 
4
2 3
1 
5 
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joint (e.g. on the symmetry plane normal to X axis). But the equivalent stress 
distribution in the thin joint (Figure 5-13 c-d) is rather different, with the maximum 
stress at the interface between the indium joint and the Cu substrate. The comparison of 
equivalent stresses for these two joint sizes demonstrated that the effect of joint size 
mainly becomes obvious due to the interface constraint. 
 
(a) (b) 
(c) (d) 
Figure 5-13 Distribution of von-Mises stress in indium joints after tension: at the interface and 
symmetry planes (normal to X axis) of thick joint (a and b) and thin joint (c and d) 
It is also apparent in the distributions of the equivalent plastic strain in the indium joints 
as shown in Figure 5-14. Plastic deformation is localized in the peripheral area of the 
interface of the thin joint as seen in Figure 5-14 (c-d). But for the thick joint, the plastic 
In/Cu interface 
Displacement 
direction 
Symmetry plane 
Displacement 
direction 
In/Cu interface 
Displacement  
direction 
Symmetry plane 
Displacement  
direction 
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region is mainly in the centre of the joint (Figure 5-14 b), represented by the effect of 
necking observed during the experimental testing. With respect to the interface, only 
the peripheral corner deformed plastically while the rest of the area was in the elastic 
state as given in Figure 5-14 (a).  
 
(a) (b) 
(c) (d) 
Figure 5-14 Distribution of equivalent plastic strain in indium joints after tension: at the interface 
and symmetry plane (normal to X axis) of thick joint (a and b) and thin joint (c and d) 
The results manifested that plastic deformation taking place in the joint was less 
restricted by the substrate in the thick joint (Figure 5-14 a), which was mostly in the 
elastic state, in comparison with the thin joint (Figure 5-14 c). On the basis of the 
Poisson’s effect, if the plastic flow is restricted in one direction, the material tends to 
In/Cu interface 
Displacement 
direction 
Symmetry plane 
Displacement 
direction 
Symmetry plane 
Displacement  
direction 
In/Cu interface 
Displacement  
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accommodate it through the other two directions perpendicular to it. Therefore, as the 
joint size decreases, the strength of the joint tends to increase due to the interface 
constraint in the loading direction and the Poisson’s effect in the lateral direction. 
Consequently, less elongation with higher strength occurred to the thin joint as 
comparing to the thick joint. 
 
5.3.1.3 Effect of displacement rate on stress-strain properties of indium joints 
The typical stress-strain curves of the indium joints on Ni/Cu substrate tested with two 
displacement rates – 0.08 and 0.0013 mm/s - are shown in Figure 5-15 for two joint 
sizes. As seen in Figure 5-15, the strain-hardening rate increased with the displacement 
rate for both indium joints. Since deformation of the indium joints exceeded the 
proportionality limit at very low strain, it is difficult to capture enough data to assess 
accurately the relation between the Young’s modulus and displacement rate. Thus, the 
plastic region of the stress-strain curves was focused on in the analysis, in particular, 
the yield stress and ultimate strength. 
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Figure 5-15 Stress-strain behaviour of indium joints on Ni/Cu metallization for different 
displacement rates (298 K) 
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The values of yield stress and ultimate strength were obtained for each rate; the stress 
offset method was used to estimate the yield stress. Figure 5-16 presents the effect of 
displacement rate on the yield stress (Figure 5-16 a) and ultimate strength  
(Figure 5-16 b). With respect to the joint size, the yield stress of the thin joints is less 
sensitive to the displacement rate than that of the thick joints as illustrated in  
Figure 5-16 (a). In contrast, the maximum load carrying capacity of the indium joints 
generally increases along with the increase in the displacement rate for both joint sizes 
as apparent from Figure 5-16 (b). However, as can be seen, both mechanical parameters 
indicate a relatively larger increase with the displacement rate in the case of the thick 
joints than that of the thin ones. By considering the characterization of In-Ni IMCs after 
reflow, the total volume of the IMC layer at the interface was on average similar  
(see Table 4-3), except the observation of the dispersed IMC particles only observed in 
the thick joints. It is consistent with the stress-strain testing in Section 5.3.1.1, in which 
the strength of the thin joints on the Ni/Cu substrate is not significantly larger than that 
of the thick ones as it is in the In/Cu joints under the same loading rate. Thus, it is 
considered that the differences of the increase in the strength between two joint sizes 
could be related to the contribution of dispersion strengthening to the thick joints, 
which is associated with the effect of the displacement rate. It seems that such a 
strengthening effect is only distinguishable when the loading rate is high enough since 
the significant difference in the strength between two joint sizes was observed at low 
displacement rate (0.0013 mm/s). Further studies are required to verify such an effect. 
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(b) 
Figure 5-16 Effect of displacement rate on the yield stress (a) and ultimate strength (b) of thin and 
thick joints (Ni/Cu metallization, 298 K) 
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5.3.2 Effect of low-temperature cycling on stress-strain properties of 
indium joints 
A typical application for indium to be used as interconnects is through a bump bonding 
process for electronics integration of hybrid pixel detectors. Service conditions of such 
detectors in high-energy physics experiments require a high performance of various 
functions at cryogenic temperatures, i.e. below the temperature of liquid nitrogen  
(76 K). In general, the mechanical behaviour of pure metals at low temperature is less 
ductile, and the flow stress increases. Thus, temperature excursions play a critical role 
in the deformation of indium joints, especially, in the high-density packaging of hybrid 
pixel detectors due to several factors: (i) lower ductility and higher strength increase 
thermal stress in other components of the package during service if the indium joints 
can not absorb the expansion mismatch between different components completely;  
(ii) mechanical integrity of the indium joints is more complex and hence cannot be 
described as for pure bulk indium, since, at the micro-scale, the indium joint 
demonstrates both size- and microstructure-dependence as observed in Section 5.3.1. 
Thus, thermal cycling covering the cryogenic temperature range was considered and 
applied to the indium joints in order to simulate and obtain the mechanical response to 
such thermal changes as encountered in real-life service. 
 
Since Clark et al. [15] summarized that most thermal contraction of materials occurs 
above 76 K, we mainly focus here on studying a mechanical response of the indium 
joint to the temperature excursion between 76 K and 298 K, termed as low-temperature 
cycling. In this experiment, the effect of such cycling on the stress-strain properties of 
the indium joints was investigated. Stress-strain characteristics of the indium joints 
after low-temperature cycling were compared with those of the joints without such 
thermal treatment. 
5.3.2.1 Experimental methodology 
After the specimen fabrication as described in Section 5.2.1, a low-temperature cycling 
was employed for this study. The approach and temperature profile used in the  
low-temperature cycling were the same as described in Chapter 4 (see Section 4.1.3). 
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Referring to the results obtained in Chapter 4 and the stress-strain characteristics of the 
indium joints in Section 5.3.1, only the indium joints with a 0.3 mm thickness were 
employed on the Ni/Cu metallization in order to minimize the microstructural and size 
effects, thereby emphasizing the effect of low-temperature cycling. The tensile tests 
were performed with six samples in each group, with three groups of testing, i.e. 
without the low-temperature cycling, and after ten and twenty cycles, in order to 
investigate the effect of low-temperature cycling on mechanical properties of the 
indium joints. The Instron 5458 Micro Tester (see Figure 5-6) was employed to apply a 
unidirectional tensile loading. The testing was conducted using a constant 
displacement-rate control of 0.08 mm/s. All the thermally-cycled specimens were tested 
within one day after low-temperature cycling. 
 
5.3.2.2 Results and discussion 
The typical stress-strain curves of the indium joints for different temperature-cycling 
regimes are presented in Figure 5-17. Compared with the curve of the indium joints 
obtained without undergoing low-temperature cycling, the stress-strain characteristics 
after low-temperature cycling have a higher level of strain hardening and withstand a 
larger elongation. In addition, these stress-strain diagrams have exhibited some 
repeated fluctuations after achieving the ultimate strength of the indium joints.  
 
Serrations (the repeated fluctuations) in the stress-strain curve were identified as a 
manifestation of plastic oscillations, which is the phenomena of self-organization in the 
crystal plasticity by an (auto)oscillatory behaviour. Plastic oscillations have been 
observed under different loading conditions with rather different type of serrations, for 
example, the well-known Portevin-Le Châtelier (PLC) effect and/or dynamic strain 
aging (DSA) [16-18]. It has generally been verified that the plastic flow tends to be 
unstable when the flow stress has a negative strain-rate sensitivity, which states a 
decrease of flow stress if strain is increased (for instance, the softening stage in stress-
strain curve), subsequently resulting in the PLC effect [19-20]. Thus, the serrations 
observed in this work can be attributed to such a PLC effect, since they started to 
emerge at the softening stage. The plastic instability during the softening stage of the 
indium joints is considered to be attributed to the low-temperature cycling since 
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serrations were only found in the stress-strain curves of the indium joints which 
underwent low-temperature cycling as shown in Figure 5-17. 
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Figure 5-17 Stress-strain characteristics of indium joints under the different temperature-cycling 
regimes (Ni/Cu metallization; joint thickness 0.3 mm; displacement rate 0.08 mm/s) 
When dealing with plastic deformation, it is natural to use the dislocation level since 
plastic flow arises from dislocation motion. In the situation of the present study, the 
serrated plastic flow presents a ‘jerky’ dislocation motion, which is likely to be induced 
as dislocations were temporarily arrested at localized obstacles that could be overcome 
with the aid of thermal activation. As stated in Section 4.3.3, the low-temperature 
cycling caused certain thermal stresses in the joints as a result of the CTE mismatch 
between indium and substrate materials. The stress relaxation was found to occur by 
means of a restoration process at the ambient temperature (298 K), for example,  
grain-boundary movement leading to the observed hillock formation in the IMC layer. 
Thus, ambient aging after low-temperature cycling is considered as a thermally-
activated process. Since the same profile of low-temperature cycling used in  
Section 4.3.3 was adopted in the present study and the testing temperature was set at 
298 K, such a thermally-activated process is expected to take place at the same time. 
From the definition of stored energy in the deformed metal in terms of the dislocation 
density [21], there is 
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 ED ൌ cଶρୢGbଶ , (5-3) 
 
where ED is the stored energy of a deformed metal, cଶ and G denote a constant of the 
order of 0.5 and the shear modulus of the metal, respectively. ρୢ  and b  are the 
dislocation density and Burgers vector, respectively. The stored energy should be 
released during the restoration process due to rearrangement of the microstructure  
(e.g. dislocation density).  
 
The PLC effect has been noticed to be related with thermal activation process, which 
can be described as follows [22] 
 
 εሶ ൌ
4bρୢc୴D଴
l
exp ൬െ
Qୱ
RT
൰ , (5-4) 
 
where R is the gas constant. c୴ , and D଴  represent the vacancy concentration and the 
diffusion frequency factor, respectively. l is the effective radius of the atmosphere, 
which can hinder the slip of dislocation by means of dynamic interaction between 
solute atoms and dislocations. Qୱ  is the activation energy for the potential atomic 
migration. And εሶୡ is the critical value of strain-rate for the onset of serrated plastic flow. 
Hong et al. [23] evaluated the activation energy (Qୱ in Equation 5-4) and reported the 
onset of serrations, as well as its type, was different for different testing temperatures 
during low-cycle fatigue tests. Considering the possible occurrence of the energy 
evolution and the observed larger increase of the IMC layer in the thermally-cycled 
joints in Chapter 4, it is inferred that the low-temperature cycling is a thermally-
activated process, subsequently causing instabilities of the plastic deformation of 
indium joints leading to the serrated plastic flow. 
 
Zaiser et al. [20] summarized possible types of serration in the stress-strain curve under 
the unidirectional tension mode concerned with both load and displacement control. 
With respect to the displacement-controlled tension, they stated the bursts of plastic 
activity that characterize oscillatory deformation indicated by stress decreases, leading 
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rate. Its mechanical response to the low-temperature cycling was also investigated. The 
obtained results are summarized as follows: 
 
1. The typical deformation behaviour of the indium joint consists of an elastic 
stage, strain-hardening and necking. 
2. Under the same displacement rate, the stress-strain response of the indium joints 
on Ni/Cu metallization is less sensitive to join sizes. In contrast, for the In/Cu joints, 
higher strengthening was observed in the thin joints compared to the thick ones, 
which is mainly attributed to the grain-size effect and the interface constraint of the 
substrate. The difference between two types of substrates demonstrated that the 
stress-strain properties of the indium joints were dependent on the microstructure 
(for instance, IMCs) as expected. 
3. For the indium joints on Ni/Cu substrate, the effect of the displacement rate was 
compared between thin and thick joints. Two important mechanical parameters i.e. 
the yield stress and ultimate strength, exhibited a larger increase with the 
displacement rate in the thick joints than that for the thin joints. This is considered 
to attribute to the dispersion strengthening from the In-Ni IMC particles residing 
inside the joints. The comparison of the two parameters showed that the yield stress 
is less sensitive to the increase in displacement rate in comparison with the ultimate 
strength, especially for the thin joints. 
4. The mechanical response of the indium joints to low-temperature cycling was 
analyzed. The fluctuations appeared with a number of serrations observed in the 
stress-strain curves of the joints after low-temperature cycling. In addition, more 
strain-hardening was identified in the stress-strain curves of thermally-cycled 
indium joints compared with those without such treatment. One explanation is such 
thermal treatment was a thermally-activated process, which can induce the 
instabilities of plastic deformation, leading to the PLC effect.  
5. Ductile fracture was the main failure mode of specimens during testing, 
including those after low-temperature cycling for the indium joints which have been 
studied in the work. 
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In conclusion, the stress-strain characteristics of the indium joints implied not only  
size- and microstructure-dependence, but also the dependency of the thermal history of 
the joints that they have experienced. 
 
5.4 Creep properties of indium joints 
On the basis of the study on the stress-strain behaviour of the indium joints at room 
temperature, it was found that it depends predominantly on the joint size and 
microstructure. Therefore, in this section, the creep behaviour of the indium joints was 
studied by considering the joint size (thin and thick joints) and the substrate type  
(Cu and Ni/Cu substrates). In this experiment, most specimens were tested at room 
temperature (298 K). The study of the effects of temperature and applied load on the 
creep behaviour of the indium joints was carried out using the joints formed with Cu 
substrate. A comparison of creep behaviour between thin and thick joints is discussed. 
All the creep tests were conducted under constant load at the specific temperature, and, 
the total strain was measured as a function of time. Finally, all the creep data were used 
to establish a constitutive model, which will be implemented into the finite element 
analysis (FEA) in Chapter 6. 
 
5.4.1 Experimental procedure 
The fabrication procedure for the indium joints, including the reflow process, applied to 
the creep study was exactly the same as described in Section 5.2.1. The specimen 
configuration for the creep testing was given in Figure 5-5 with a thickness along the  
Y axis of 100 µm for the thin joints and 1.0 mm for the thick joints. 
 
For the creep test at room temperature, the same experimental setup was employed as 
stated in Section 5.2.2. Regarding the creep test at specific temperature, an additional 
oven was assembled on the Micro Tester. In order to achieve constant experimental 
temperature, a temperature controller was connected to the oven via a K-type 
thermocouple. The thermocouple was attached to the surface of the substrate to ensure 
the accurate temperature control of the specimen. The temperature controller monitored 
with a variation of ± 1 °C relative to the experimental temperature.  
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The creep tests were performed at 298, 343 and 386 K corresponding to the 
homologous temperature of 0.7, 0.8 and 0.9 Tm, respectively. In terms of the applied 
load, it is generally considered to select between 20 % and 80 % of the yield stress. 
However, based on the obtained yield stress listed in Table 5-2, three loads, 7.5, 10 and 
15 N were chosen by considering the sensitivity of the extensometer (with a resolution 
of 0.2 µm) and being capable to obtain enough creep data at higher temperature  
(e.g. 386 K). With respect to the data analysis, unlike the case for constant 
displacement-rate-controlled tests, there was no creep in the machine components or 
the substrate. Only creep deformation in the indium joints was measured at the given 
loads. Deformation obtained from the extensometer was treated as deformation of the 
indium joints since elastic deformation of copper under the chosen loading level is 
negligible. 
  
5.4.2 Results and discussions 
5.4.2.1 Constant load creep test 
Typical creep strain - time plots of the indium joints on the Cu substrate are shown in 
Figure 5-19 for both thin and thick joints under an applied load of 10 N at 298 K. Both 
curves can be characterized as three-stage creep as showed in Figure 5-19: primary 
creep (transient creep), the secondary stage representing steady-state creep, and the 
tertiary stage resulting from necking or cracking. Since creep is usually viewed as a 
competition of two simultaneous effects i.e. strain hardening and softening due to 
recrystallization and recovery. Therefore, the three regimes of creep deformation can be 
distinguished depending on the magnitude of the hardening and softening rates. In the 
primary creep stage, the hardening rate generally exceeds that for softening, and the 
difference of these two effects determines the extent of decrease of the creep strain rate. 
Subsequently, the steady-state creep is the result of the balance between strain 
hardening and thermal softening, and the overall creep strain rate (dε/dt) will tend to be 
constant when the hardening rate is fully balanced by the softening rate. 
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Figure 5-19 Typical creep curves of indium joints on the Cu substrate under load of 10 N (298 K) 
As given in Figure 5-19, the creep strain rate started at a high level and decreased to a 
steady-state value. It is apparent that the indium joints exhibited a normal, decelerated 
primary creep region, which is typical for pure metals. The onset of secondary creep in 
the thin joints started earlier than in the thick ones, which is believed to attribute to a 
higher strain-hardening rate taking place in the thin joints as observed in the stress-
strain behaviour of the indium joints (see Figure 5-7), because the decreasing strain rate 
in the primary creep is proportional to the strain-hardening rate. Overall, the creep data 
obtained at room temperature imply that the thin joints are more creep-resistant than the 
thick joints under a given loading level, which showed a consistent result with the 
constant displacement-rate tests (Figure 5-7 and Figure 5-15). 
 
In order to understand the effect of the microstructure on the creep behaviour of the 
indium joints, the typical strain - time plots for both substrate types - In/Cu and 
In/Ni/Cu - were compared. The results are shown in Figure 5-20 and Figure 5-21 for 
the thin and thick joints, respectively. Since there was a significant difference in 
duration of test for both substrates, the steady-state strain rate, which is determined 
from the slope of the linear part of the plot, was calculated and compared as given in 
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Figure 5-20 and 5-21. The steady-state creep rate of the indium joints on the Ni/Cu 
metallization is, on average, one order of magnitude lower than the joints on the Cu 
substrate at the same loading level and temperature. This shows a good agreement with 
the stress-strain properties of the indium joints as given in Figure 5-7. 
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Figure 5-20 Typical creep curves of thin indium joints on various substrate under 10 N load (298 K) 
5.4.2.2 Effects of temperature and applied load on creep behaviour of indium joints 
Creep tests were conducted at 298, 343 and 386 K with the indium joints on the Cu 
substrate. The typical strains as function of time under a given load of 10 N for the thin 
indium joints at 343 K and 298 K are recorded and presented in Figure 5-22. Under the 
same load, the effect of temperature on creep behaviour was only identified within the 
primary regime, e.g. the total transient creep strain, which is normally determined from 
the intercept of the linear part of the creep strain versus time diagram, increased with 
the temperature. Since the material becomes softer and more ductile at higher 
temperature, the increased total transient creep is attributed to the enhanced softening at 
higher temperature. However, the higher steady-state creep strain rate at 298 K than 
that obtained at 343 K could be attributed to the uncertainty of the secondary creep for 
measurement in which the sensitivity is not enough to the narrowed temperature range. 
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Figure 5-21 Typical creep curves of thick indium joints on various substrates under 15 N load  
(298 K) 
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Figure 5-22 Comparison of the typical creep curves for thin indium joints on Cu substrate under 
load of 10 N for various temperatures
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In general, creep can be expressed using a power-law relationship to describe the stress-
dependent behaviour and an Arrhenius relationship for the temperature-dependent 
behaviour, respectively (see Section 2-3). As Equation (5-5) shows 
 
 εሶୱୱ ൌ Aᇱσ୬ exp ൬െ
Qୡ
RT
൰ (5-5) 
 
where Aᇱ is equal to AEୠ
୩T
ሺୠ
ୢ
ሻ୮ሺଵ
E
ሻ୬D଴ (see Equation 3-38). Thus, creep at a given stress 
can be expressed as 
 
 εሶୱୱ ൌ A଺exp ሺെ
Qୡ
RT
ሻ (5-6) 
 
where A଺ is equal to Aᇱσ୬. Thus, on the basis of Equation (5-6), the steady-state creep 
rates of the thick joints at 298, 343 and 386 K, for an applied load of 15 N, were plotted 
as a function of 1000/T as given in Figure 5-23. From the slope of the fitting curve, the 
activation energy for creep (Qୡ) was obtained as 68.35 kJ/mol for the temperature range 
298 to 386 K. The activation energy for lattice self-diffusion of pure indium is  
74.9 kJ/mol [24], so the measured activation energy for creep is close to that for the 
self-diffusion mechanism in the analysed temperature range with a given stress level. 
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Figure 5-23 Determination of activation energy using creep data at 298, 343 and 386 K (Thick 
joints, load 15 N) 
A master plot of all the creep data obtained at different temperatures and stress levels 
was plotted as the steady-state strain rate versus the applied stress for both thin and 
thick joints in Figure 5-24. In general, creep under different stress levels indicates little 
dependence on the joint size at a given temperature. With reference to Equation (5-5), 
creep at a given temperature can be expressed as: 
 
 εሶୱୱ ൌ A଻σ୬ (5-7) 
 
where A଻ is equal to A଺exp ሺെ
Qౙ
RT
ሻ. Thus, the stress exponent (n) was calculated by 
linearly fitting the creep data obtained under different stress levels at a given 
temperature for both thin and thick joints (Figure 5-24). For example, by fitting all 
creep data of the thick joints at 386 K, the stress exponent was obtained as 8.5 under the 
studied stress range. As can be seen, this exponent varies between 5 and 9 for all the 
test conditions. As mentioned in Section 5.2.3, the average value for each type of 
experiment was used here. It is worth noting again that the secondary creep shows less 
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sensitivity to the measured temperature range between 343 K and 386 K than that 
between 298 K and 386 K. 
0.6 0.8 1 1.2 1.4 1.6 1.8 2
1E-8
1E-7
1E-6
1E-5
1E-4
1E-3
0.01
0.6 0.8 1 1.2 1.4 1.6 1.8 2
1E-8
1E-7
1E-6
1E-5
1E-4
1E-3
0.01 386 K(thick)  S386 K(thin)
 343 K(thick)  S343 K(thin)
 298 K(thick)  S298 K(thin)
St
ea
dy
-s
ta
te
 st
ra
in
 ra
te
, 1
/s
Stress, MPa
n=8.5
n=9.0
n=5.7
n=7.8
n=6.2
n=4.8
n
 
Figure 5-24 Steady-state creep rate vs. applied stress for various joints at different temperatures 
When the steady-state creep is the dominant process, the deformation mechanism of 
most metals and alloys can be schematically presented by four distinct straight-line 
segments on a plot of steady-state strain rate and applied stress (Figure 5-25) indicated 
as regions I, II, III and IV. Regions I to III occur at low and intermediate stresses. At 
high stresses, the steady-state creep rate increases more rapidly, and the power-law 
behaviour breaks down as presented by region IV [25-26]. With reference to  
Equation (5-7), the first three regions have stress exponents of approximately 3, 2, 3~7, 
respectively, while region IV has an exponent close to 10 or above (see Table 2-2). 
Therefore, the creep deformation mechanism(s) of the indium joints in the present study 
are in the power-law creep regime including breakdown, which is normally described 
with a hyperbolic sine law [4-5, 26]. And the stress exponent greater than 7 (n >7) were 
found mainly for the homologous temperature greater than 0.8 T୫ (i.e. 343 K), at which 
the power-law breakdown is expected.  
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Figure 5-25 Schematic of steady-state creep strain rate vs. applied stress diagram (gap between 
solid and dashed lines in stage III presents the range of stress exponent in this stage) [25-26]  
5.4.3 Mechanism of creep deformation for the indium joints 
Creep deformation of the indium joints was studied under constant loads at 
temperatures of 0.7, 0.8 and 0.9 T୫ of indium. The activation energy obtained for creep 
and the stress exponent for all conditions suggest that the dislocation climb controls the 
deformation mechanism followed by the power-law breakdown at higher temperatures. 
In addition, the steady-state creep is emphasized more than the primary or tertiary creep 
due to the relatively large fraction of creep life within this regime. Taking all these 
factors into account, a hyperbolic sine function, widely used in steady-state creep of 
solder, was employed to describe both the power-law and power-law-breakdown as 
 
 εሶୱୱ ൌ A exp ൤െ
Qୡ
RT
൨ ሾsinhαሺσሻሿ୬ (5-8) 
 
where A and α are constants, R is the gas constant, εሶୱୱ is the steady-state creep strain-
rate, and σ is the steady-state stress, Qୡ  is the activation energy of creep, T is the 
absolute temperature, and n is the stress exponent. It has been well established that Qୡ 
seems to be essentially equal to the activation energy for lattice self-diffusion (Qୱୢ) for 
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a large class of materials over a certain temperatures (> 0.6 T୫ ), as confirmed in  
Section 5.4.2.2. This is related to the deformation mechanisms which are temperature-
dependent, and the lattice-diffusion climbing is dominant in the materials when the 
temperature is above 0.6 T୫. However, as discussed in Section 2.3, creep is generally a 
thermally-activated process. Hence, Qୡ  changes with temperature, particularly below 
0.6 T୫, which is assisted by the transition of the deformation mechanism. Therefore, it 
could offer an approach to analyze the deformation of the indium joints when the 
temperature is below 0.6 T୫. 
 
For the flow behaviour of metals and alloys, for example, the yield stress and ultimate 
strength, can change with temperature (see Section 2.2.2). Hence, the applied stress for 
creep tests needs to have an equivalent magnitude at different temperatures to account 
for the change of strength with temperature. By assuming a steady state in the  
power-law creep regime, a constant modulus-compensated stress, (σ/E), can be used as 
the equivalent stress at different temperatures [5]. Since the Young’s modulus (E) is a 
function of temperature, a temperature-dependent Young’s modulus was employed EሺTሻ 
to scale the steady-state stress (see Figure 2-2). Therefore, for a given microstructure, s, 
and equivalent stress, (σ/E), the activation energy for creep, Qୡ, can be calculated as 
 
 
Qcൌ െR ቈ
∂ሺln εሶୱୱሻ
∂ሺ1 T⁄ ሻ
቉ቤ
σ
E ൌ constant
s ൌ constant
 
 
 (5-9) 
It is assumed that the same level of σ/E implies the equivalent deformation state. Thus, 
the data in Figure 5-24 were re-plotted by considering the equivalent stress for the 
corresponding temperature. The new curves of the steady-state creep rate versus 
modulus-compensated stress ( σ/E ) in double-logarithmic ordinates are given in  
Figure 5-26 for all the experimental temperatures. The activation energy for creep was 
calculated by using the procedures as follows: (i) with reference to Equation 5-7, creep 
at a given temperature can be simplified to a linear relationship between the steady-
state creep rate and modulus-compensated stress. As given in Figure 5-26, two 
relationships (dashed lines) are obtained by curve-fitting for creep data of the thick 
joints under different stresses at 386 K and 298 K, respectively; (ii) the steady-state 
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creep strain rate at a given value of σ/E was calculated via the relationships obtained at 
the respective temperature, 386 and 298 K; (iii) with regard to Equation  (5-9), the 
activation energy for creep (Qୡ ) of the thick joints between 386 and 298 K was 
obtained by substituting the calculated steady-state creep strain rate and the 
corresponding temperature into Equation (5-10). Therefore, the magnitude of Qୡ can be 
obtained using this method at a given stress level and temperature range. Taking the 
creep data of the thick joints as an example, the magnitude of the activation energy 
varies from 40 to 59 kJ/mol under the modulus-compensated stress (σ/E) range of 
8.5×10-5 and 1.2×10-4 within 298 to 386 K (see Figure 5-26).  
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Figure 5-26 Dependence of steady-state strain-rate on modulus-compensated stress of the indium 
joints for three temperatures: square marks - thick indium joints; round marks- thin indium joints. 
Dashed lines are obtained by curve-fitting for creep data of thick joints at 386 and 298 K. 
 
 QcൌR ቈെ
ሺln εሶୱୱଶଽ଼ሻ െ ሺln εሶୱୱଷ଼଺ሻ
ሺ1 298⁄ ሻ െ ሺ1 386⁄ ሻ
቉ (5-10) 
 
Referring to the creep data of pure indium [24, 27], the steady-state creep rate versus 
the modulus-compensated stress for seven temperatures that cover the range between 
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0.01 and 0.96 T୫  of indium, is given in Figure 5-27. For a specified modulus-
compensated stress, the activation energy,  Qୡ , can be calculated according to  
Equation  (5-9) based on the procedures stated above. Regarding the level of von-Mises 
stress in indium joints obtained from simulating a cooling-heating process  
(see Appendix), the activation energies at different temperature range were calculated 
for the corresponding modulus-compensated stress range of 4.0×10-5 and 4.6×10-4 
(hatched area in Figure 5-27).  
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Figure 5-27 Dependence of steady-state strain-rate on modulus-compensated stress of the indium 
joints for seven temperatures: triangle markers- pure indium [24, 27]; square markers- thick 
indium joints from this study. The activation energies for creep were calculated and denoted 
between any two fitted lines (kJ/mol) 
Within the targeted stress range, the activation energies for creep of indium joints were 
obtained and addressed between the two specified temperatures. For pure indium, the 
magnitude varies from 52 to 34 kJ/mol between 413 K (curve 1) and 318 K (curve 2) 
with the increases of applied stress, while it is in the range of 82 - 31 kJ/mol between 
318 K and 273 K (curve 3). For indium joints, the activation energy of creep is between 
20 and 110 kJ/mol in the temperature range 386 - 298 K (curve 6, 7). In contrast, the 
magnitude at temperatures below 273 K is extremely small within the targeted stress 
range (i.e. 2 to 15 kJ/mol), as given between 273 K (curve 3) and 76 K (curve 4). 
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Taking the averaged value for each temperature range as a reference, it is evident that 
the activation energy of creep is generally either equal to the energy for the lattice  
self-diffusion (Qୱୢ= 74.8 kJ/mol) or close to 0.6 Qୱୢ when the temperature is above  
0.6 T୫. As the slope of the fitting curve represents the stress exponent (n), all the 
curves fall in the range of n = 5-11 for temperatures between 413 K and 273 K; the 
exceptions are for 76 K and 4 K. This explains why Equation 5-9 is not suitable for 
cryogenic temperatures. Therefore, this method was applied to calculate the activation 
energy for temperatures above 0.6 T୫. The values obtained based on the data for the 
indium joints (curves 7 and 6) were chosen and averaged to be 65.5 kJ/mol, as the 
activation energy at high temperatures (denoted as Qୡ-HT).  
 
As discussed in Section 2.3 (see Figure 2-15), the research of creep behaviour at low 
temperatures [16, 28-30] suggested that the relationship between the activation energy 
of creep and the homologous temperatures could have two cases for temperatures 
below 0.6 T୫ . According to one, the activation energy could decrease with the 
temperature until approximately 0.6 Qୱୢ , which normally corresponds to the region 
around 0.5 T୫ , for example, for polycrystalline aluminium [5, 16]. Otherwise, the 
activation energy could decrease with the temperature until nearly 0.2 T୫, e.g. for silver 
[5]. Hence, regarding the values obtained at temperatures below 273 K (Figure 5-27), 
the latter was adopted. As the Qୡ declines with temperature, the activation energy of 
creep was established as a function of homologous temperature of indium using the 
following procedures: (i), the value of Qୡ , 24.36 kJ/mol, at 76 K (~ 0.18 T୫) was 
obtained through a non-linear regression of the creep data at 76 K from Reed et al. [27] 
with Equation (5-8), it is denoted as Qୡ-LT. (ii), the activation energies for creep were 
determined by regression of the creep data at 173 K (~ 0.4 T୫) and 223 K (~ 0.5 T୫) 
from Rui et al. [31], respectively. (iii) a relationship was obtained by means of 
interpolation and curve fitting these data points obtained between the homologous 
temperatures of 0.18 and 0.6 T୫ associated with Qୡ-HT and Qୡ-LT. Below 0.2 T୫, the 
activation energy for creep was assumed to be equal to Qୡ-LT. Thus, a function of the 
activation energy for creep in indium, QୡሺTሻ, was developed and plotted as shown in 
Figure 5-28. The activation energy for Qୡ-HT – 65.5 kJ/mol - in this study with this 
method agrees well with the value (69 kJ/mol) reported by Frenkel et al. [28]. 
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Figure 5-28 Activation energy of creep vs temperature, QcሺTሻ, used in constitutive model in this 
study (dotted line present the fitted relationship between 0.18 and 0.6 Tm; Qsd is activation energy 
of lattice self-diffusion [24]) 
By employing the developed function of activation energy of creep, a master plot of the 
creep data was fitted to the hyperbolic-sine relationship (Equation (5-8) using software 
DataFit [32] and manual calculations, as given in Figure 5-29. These creep data are for 
the temperature range 76 - 413 K corresponding to 0.18 to 0.96 T୫ . The modified 
hyperbolic-sine relationship is in good agreement with the experimental data for a large 
temperature range. However, there are a few large deviations of the data points (marked 
in Figure 5-29) which were obtained from the deformation of indium under 
compression whilst all the rest data were obtained under tension. As discussed in 
Chapter 2, the mechanical properties of a material can depend on the loading mode. 
Overall, the proposed constitutive relationship shown in Figure 5-29 produces a 
reasonable agreement with the experimental data, covering a wide range of homologous 
temperatures under certain stress levels. This provides confidence in the model’s 
capability to predict the deformation behaviour of indium joints for large temperature 
changes, including cryogenic temperatures. This methodology, with respect to the 
activation energy, offers an approach to establish a constitutive relationship that is not 
only stress-dependent but also temperature-dependent, with the enhanced capability to 
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include a wide homologous temperature. This constitutive relationship will be used for 
simulations of the deformation behaviour of the indium joints under thermally-induced 
stresses in Chapters 6 and 7. 
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Figure 5-29 Master plot of all creep data: (1) data for pure indium from Weertman [24]; (2) data 
for pure indium from Wu (compression) [31]; (3) data for pure indium from Reed [27]; (4) data for 
indium joint from this study 
5.4.4 Summary 
The study of creep behaviour of the indium joints has been conducted under various 
loads and temperatures using different thickness of joints. Some specimens were also 
tested to compare the creep behaviour of the indium joints on different substrate types. 
The effects of temperature and applied load on the creep behaviour were discussed. 
Based on the creep test data, a constitutive relationship was proposed covering a wide 
range of homologous temperatures within applied stress levels. The results are 
summarized as follows: 
 
1. At room temperature (298 K), the indium joints on the Ni/Cu metallization 
demonstrate higher creep resistance than the joints on the Cu substrate. 
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2. In view of the joint-size effect, the creep behaviour showed little dependence on 
the joint size under various loads and temperatures. However, an earlier onset of 
secondary creep was observed in the thin joints. 
3. By introducing the modulus-compensated stress, the stress exponent was 
measured to vary between 5 and 11, and the activation energy for creep of the 
indium joints is obtained as 65.5 kJ/mol for the homologous temperature range of 
0.69 - 0.9 T୫ within the studied stress levels. This suggested that deformation of the 
indium joints can be described by a hyperbolic-sine relation. 
4. A methodology to assess the activation energy for creep was developed by 
considering the effect of homologous temperature. A modified hyperbolic-sine 
relationship was proposed with the varying activation energy for creep. 
 
5.5 Failure analysis 
The fracture surface of the indium joints after testing is shown in Figure 5-30 (a), with a 
higher-magnification view given in Figure 5-30 (b). The fracture surfaces of indium 
joints exhibited dimpled features across the cross sections. The dimples presented a 
fracture surface in ductile fracture; this aspect is developed by nucleation, growth and 
coalescence of microvoids. The dimple size could be affected by the indium grain size, 
if it is due to the microvoid coalescence. As stated in Section 5.3, the indium joints can 
have a large amount of elongation (e.g. necking) at the stage when most of the cross 
sectional area failed. Thus, the dimples observed, varying from 10 to 50 µm, is in a fair 
agreement with the grain size of the indium joint outlined in Figure 5-9 (b). Figure 5-31 
demonstrates another two typical fracture surfaces observed after testing: ductile 
tearing (Figure 5-31 a) and intergranular fracture (Figure 5-31 b). 
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metallization showed more strain hardening and higher creep resistance than the joints 
on Cu substrate. 
 
4. The fluctuations appeared with a number of serrations observed in the stress-
strain curves of the joints after low-temperature cycling. One explanation is such 
treatment was a thermally-activated process, which could induce the instabilities 
leading to the PLC effect. 
 
5. The stress exponent and the activation energy for creep obtained from all the 
creep data in this study placed the deformation mechanism of the indium joints in the 
power-law creep regime, which can be described by a hyperbolic sine law.  
 
6. With reference to the creep data in the literature, a methodology for the 
assessment of activation energy for creep was developed to evaluate the behaviour of 
the indium joints for the thermal change ranging from 0.18 to 0.96 of homologous 
temperature. Then, a constitutive relationship using varying activation energies for 
creep was proposed to simulate the deformation behaviour of the indium joints under 
thermal changes, involving low temperatures. 
 
7. The fractographic characteristics of the indium joints presented generally 
showed ductile aspects, for example, dimpled patterns, ductile tearing and intergranular 
fracture. 
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CHAPTER 6 *— Numerical analysis of thermo-
mechanical behaviour of indium micro-joint at 
cryogenic temperatures 
 
 
6.1 Introduction 
Microelectronic packaging plays an important role in low-temperature applications; in 
particular, a solder joint employed as an interconnection, offering mechanical, thermal 
and electrical support, undergoes much larger and harsher thermal changes during its 
service compared with conventional customer electronic products. The impact of 
thermo-mechanical properties of such solder joints under cryogenic service conditions 
becomes even more significant due to the continuing miniaturization of solder joints. 
Indium, a solder material with a low melting point and excellent cryogenic properties 
[1-5], has been favourable in various low temperature applications, in particular, to 
form solder joints for electronics interconnections [6-7]. In order to understand the 
fundamental aspects of reliability of indium joints, the constitutive model accounting 
for the effect of temperature change established in Chapter 5 has been used to analyze 
the thermo-mechanical behaviour of indium joints. The model is implemented in a FE 
analysis to simulate a hybrid pixel detector system, in which indium micro-joints are 
manufactured to serve at cryogenic conditions. The response of indium joints to  
low-temperature cycling (300 K- 76 K) was analyzed based on the proposed model, 
which not only offers a tool to understand the performance and experimental testing of 
solder joints under cryogenic temperatures, but can also be used for design optimization 
of the microelectronic package. 
 
For a hybrid pixel detector system (see Figure 1-5) used in high-energy physics 
experiments, for example, European Organization for Nuclear Research (CERN), the 
service conditions require functionality at cryogenic temperatures, i.e. below the 
temperature of liquid nitrogen (76 K). In such cases, the temperature in service is 
* - results in this chapter have been published as "Numerical analysis of thermo-mechanical behaviour 
of indium micro-joint at cryogenic temperatures" in journal- Computational Materials Science, 2011. 
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expected to change from cryogenic temperature to room temperature. It is also of 
concern that the relative impact of intrinsic properties of indium joints as interconnects 
in service can become more significant as miniaturization requires micro-scale size of 
the joints. 
 
In the present chapter, pure indium joints of 22 µm diameter and 55 μm pitch, which 
are usually used to connect the sensor chip with the readout chip (for example, 
application specific integrated circuit, ASIC) in Medipix 3 (a photon-counting pixel 
detector developed by CERN), are investigated. The schematic structure of the package 
for Medipix 3 is shown in Figure 6-1. The distribution and evolution of thermal stresses 
in indium micro-joints caused by temperature excursion from the room temperature 
(300 K) to the liquid-nitrogen temperature (76 K) are investigated.  
 
 
Figure 6-1 Schematic of package for hybrid pixel detector system - Medipix 3: 1, 2 and 3 stand for 
sensor, ASIC and indium bumps, respectively. 
6.2 Finite element model 
6.2.1 Model geometry 
Based on the Medipix 3 in Figure 6-1, the geometry and structure of an FE model for 
one quarter of a 6×6 array was built and simulated as this represents the part of the 
symmetric package. The package configuration and the boundary conditions are 
illustrated in Figure 6-2. Symmetric boundary conditions are applied to both symmetric 
planes of the package (middle sections along axes X and Z). Additionally, a 
displacement at the central bottom point of the readout chip was constrained along  
Y axis (marked in Figure 6-2 a). The FE mesh given in Figure 6-2 was generated in 
ABAQUS using the hexahedron element type (C3D8R).  
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(a) 
 
(b) 
Figure 6-2 Geometry and structure of a hybrid pixel detector (based on Medipix 3) for FE analysis: 
(a) quarter of structure; (b) sensor chip is removed from (a) Constitutive model and material 
properties 
Research [8-11] into the thermal stress/strain distribution in a chip/solder/printed circuit 
board package with the bond pad, indicates stress concentration and deformation 
mainly occurred near the interface of bond pad (UBM) and the solder during thermal 
Symmetry plane Symmetry plane Readout chip 
Sensor chip 
Solder 
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changes mainly due to the thermal expansion mismatch between the chip (stiff 
materials) and the solder (soft materials), and between the chip (stiff materials) and the 
board (flexible material). Although those studies were based on Sn-based solder 
materials, the package studied here represents a similar structure, which is sensor (stiff 
material)/indium (soft material)/readout chip (stiff material). When investigating the 
stress/strain behavior due to the mismatch between the chips and the indium joints, the 
bond pad (UBM) between the sensor/readout chip and indium joint was neglected in 
order to simplify the model. With respect to the lack of data on the mechanical 
properties of IMCs, the IMC layer was ignored in this study, thereby assuming ideal 
bonding along the interfaces of the three components. 
 
6.2.1.1 Constitutive model 
Deformation mechanisms of materials depend on stress σ, strain rate εሶ , the 
homologous temperature T୦୭୫୭, which expresses the temperature of a material (T) as a 
fraction of its melting-temperature (T୫) using the Kelvin scale (T୦ = T/T୫), and their 
microstructure (for example, grain size, impurities). Generally, the material’s response 
under a given set of conditions can be presented by the flow law associated with more 
than one mechanism. For metals and alloys, the main mechanisms are plastic flow, 
power-law creep and diffusional flow as shown in Figure 6-3. Plastic flow, which 
describes the time-independent plasticity, occurs at high-stress levels beyond the yield 
point. Power-law creep, which includes power-law breakdown, occurs at intermediate-
stress levels (10-5 < σ/E <10-3, E is the Young’s modulus). Diffusional flow, also called 
diffusional creep, occurs at low-stress regions (σ/E <10-5). Both power-law creep and 
diffusional flow are time-dependent. However, the range of dominance of each of the 
mechanisms is related not only to the stress, the strain-rate and the temperature, but 
also to the structure of the material. Taking the example of pure nickel, power-law 
creep can occur around 0.2 T୫ for a grain size of 10 µm, where it could occur around 
0.1 T୫ for a 1 mm grain size [12]. 
 
In electronics, residual stresses in solder joints mainly result from the mismatch of 
CTEs of the components they interconnect. Under temperature excursions of the 
package in service, the deformation/stress in a solder joint will depend on  
CHAPTER 6 
                       Numerical analysis of thermo-mechanical behaviour 
of indium micro-joint at cryogenic temperatures
 
- 183 - 
 
(1) temperature distribution as a function of time; (2) parameters of the assembly; (3) 
deformation performance of the solder. Considering the minimization of integrated 
circuits packages, temperature gradient in each package in service is negligible (in this 
case, the overall dimension of the hybrid pixel detector package is less than 20 mm). 
Therefore, the constitutive equation can be developed with the assumption of uniform 
temperature distribution. 
0.0 0.2 0.4 0.6 0.8 1.0
σ/E
Homologous temperature, T/Tm
4.0x10-5
Grain-boundary
diffusion Lattice diffusion
(Dynamic 
recrystallisation)
High-temperature
creep
Low-temperature
creep Power-law creep
Diffusional 
flow
(Dislocation glide)
10-8
10-6
10-4
10-2
100
(Theoretical strength)
Plastic flow
4.6x10-4
 
Figure 6-3 Schematic of deformation mechanisms of metals and alloys: E is the Young’s modulus 
(G can substitute E in shear mode), Tm is melting temperature. The patterned area corresponds to 
the approximate stress level for this study 
Indium (T୫= 429 K), used as the interconnection in hybrid pixel detector systems, 
operates at cryogenic temperatures and undergoes temperature excursions over a wide 
range of homologous temperatures, for example, in this case, it may vary from 0.18 T୫ 
to 0.7 T୫ when the temperature rises from 76 K to 300 K. As stated before, the 
deformation of indium solder could be associated with the realisation of different 
mechanisms within this temperature regime. The total strain εtotal can be defined as a 
sum of elastic strain εe and inelastic strain εie due to temperature excursions 
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 ε୲୭୲ୟ୪ ൌ εୣ ൅ ε୧ୣ . (6-1) 
 
For metals and alloys, the experimental results [13] have indicated that creep occurred 
at 0.1 - 0.3 T୫ temperatures if they are ‘rate-sensitive’ and relatively low strain-
hardening. So, the creep processes are expected to be the major inelastic deformation 
mechanism for this case. Referring to the general deformation map for pure metals and 
experiments studied in Chapter 5, thermal stress induced by CTE mismatch during this 
temperature change could be described by power-law creep as patterned in Figure 6-3. 
As observed in Section 5.4, the creep data of indium joints between 298 and 386 K are 
in the power-law regime. However, over the wide temperature range of 0.18 - 0.7 T୫, 
the power-law breakdown is expected to occur to the indium joint when the temperature 
decreases to approximately 0.5 - 0.6 T୫. The steady-state creep of indium joints 
obtained in Chapter 5 was experimentally identified to fit a hyperbolic-sine form, which 
has been widely applied to describe steady-state creep of solder since it can account for 
different deformation mechanisms over a large range of stress and temperature via the 
same formula. Based on curve fitting all the creep data over the range of 0.18 - 0.96 T୫, 
a modified hyperbolic-sine function used to describe both the power-law and  
power-law breakdown was employed in this study 
 
 εሶୱୱ ൌ A exp ൤െ
QୡሺTሻ
RT
൨ ሾsinhሺασሻሿ୬ , (6-2) 
 
where A and α are constants, R is the gas constant, εሶୱୱ is the steady-state creep strain-
rate, σ is the steady-state stress, QୡሺTሻ is the temperature-dependent activation energy 
for creep, T is the absolute temperature and n is the stress exponent. By adopting 
Equation (5-9), a function of activation energy for creep with the variable of 
temperature, QୡሺTሻ, was established (the details are in Section 5.4.3) as 
 
 QcሺTሻൌ ൝
     Qc‐HT,                            T൐257.4 K
 0.27T൅1.498,               95.88 K൑T൑257.4 K
  Qc‐LT,                            T൏95.88 K
 . (6-3) 
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The non-linear regression of all creep data with Equation (6-2) associating with QୡሺTሻ 
was executed under the temperature range of 76 - 413 K. The constants required in 
Equation (6-2) are listed in Table 6-1. 
Table 6-1 Hyperbolic sine law creep model parameters obtained from regression of all creep data. 
Creep data: at 76 K [14]; at 173 K and 223 K [15]; 273 K to 413 K [16]; 298 K to 386 K from this 
study (unpublished). 
A (s-1)  α (Pa-1) n Qc(kJ/mol) 
1.02×108 0.475×10-6 5.86 QcሺTሻ in Equation (6-3ሻ
 
6.2.1.2 Material properties 
The sensor and readout chips are both made of silicon which is included in the model. 
Since the indium joint is more ductile than silicon, the materials of the chips are 
assumed to be in the elastic state during the entire process. In this case, three types of 
properties are considered for the chips: the Young’s modulus, Poisson’s ratio and CTE. 
The proposed constitutive model discussed above (defined as Case A) is applied to 
describe inelastic properties of indium joints outside the elastic range. In order to have a 
basis for comparison, a model with constant Qୡ is also applied to the indium joint as 
Case B. As stated before, indium will undergo a wide range of homologous 
temperatures due to its low melting-temperature; hence, the dependence of elastic and 
thermal properties on temperature has to be considered. The CTEs of silicon in this 
study are also temperature-dependent so the effect of cryogenic temperatures on 
thermal stress can be included. The linear CTEs for silicon and indium as functions of 
temperature, implemented in the model, are given in Figure 6-4 [17-22]. The global 
structure of the materials’ properties applied to the model and other parameters used in 
the model are shown in Table 6-2. 
 
6.3 Thermal history 
The indium joint’s response in the package to five low-temperature cycles was 
simulated. Since the package dimensions are small, the temperature gradient is 
neglected in this study. The temperature is assumed to be homogenous in the package, 
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and it changes with the ambient temperature. The heating and cooling rate of a thermal 
cycle is 2.5 K/s; with the temperature range being from 300 K to 76 K and the dwell 
time of 80 s. The temperature change during low-temperature cycling is illustrated in 
Figure 6-5. 
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Figure 6-4 Evolution of linear coefficient of thermal expansion of indium and silicon with 
temperature [17-22] 
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Figure 6-5 Profile for low-temperature cycling used in this study 
  
 
 
 
 
Table 6-2 Material properties used in this study: elastic properties of indium and silicon obtained from [23] 
 
Elastic (300 K-76 K) 
Thermal expansion 
 (300 K-76 K) 
Creep (300 K-76 K) 
Temperature, K E, GPa v 
A, α, n in Equation 
(6-2) 
Qc in Equation (6-2) 
Case A Case B 
Indium 
76 20.54   0.4326 
temperature-dependent,  
Figure 6-4 
Table 6-1 QcሺTሻ in Equation (6-3) Qc‐HT 187 16.24 0.4408 
300 12.70 0.4498 
Silicon 76 K – 300 K 16.80 0.28 
temperature-dependent,  
Figure 6-4 
N/A 
      E – Young’s modulus, v – Poisson’s ratio, CTE – coefficient of thermal expansion 
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6.4 Results and discussion 
6.4.1 Case A 
6.4.1.1 Stress distribution under low-temperature cycling  
The distribution of von-Mises stress in the package after five low-temperature cycles is 
presented in Figure 6-6, which clearly shows that the corner joint at the edges of the 
package (marked in Figure 6-6 a) is the main site of residual stress concentration due 
to low-temperature cycling. Although both chips are made of silicon, different 
displacements are induced in them due to the displacement constraint along Y axis at 
the central bottom point of the readout chip (marked in Figure 6-2 a) and dissimilarity 
of their dimensions. Consequently, it results in stress concentration and deformation of 
indium joints. Since the displacement of the sensor is larger at the edge due to its 
smaller dimension along Y axis than the readout chip; the peripheral joints will be 
subject to more serious deformation, resulting in larger residual stresses.  
 
For a single joint, stresses are concentrated at the solder/chip interfaces as seen in 
Figure 6-6 (b) and in the outmost joint (Figure 6-7). Also, the stress level in the central 
zone near the interface of the solder/readout chip marked in Figure 6-7 is higher than 
that near the solder/sensor chip interface. Because the readout chip is normally 
assembled with a multi-chip module (MCM) through solder bumps, the sensor chip has 
more degrees of freedom for stress relaxation than the readout chip. Above all, under a 
low-temperature cycling load, the interfaces of the outmost joint are one of the most 
critical positions in the package. Since the indium bumps used here are comparable to 
the thin joints in thickness investigated in the intermetallics study, the main stress 
concentration as shown in Figure 6-7 could be in/near the IMC layer when regarding 
the IMC thickness observed at both In/Cu and In/Ni interfaces (see Chapter 4).  
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(a) 
 
(b) 
Figure 6-6 Distribution of von-Mises stress in package after five low-temperature cycles (a), and 
after the removal of sensor chip (b) 
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Figure 6-7 Distribution of von-Mises stress in outmost joint (in its middle cross-section) after five 
low-temperature cycles 
6.4.1.2 Effect of temperature on stress distribution and its evolution 
In order to understand the influence of temperature change on stress concentration, a 
von-Mises stress distribution in the outmost joint is evaluated when the temperature 
decreases to 76 K (Figure 6-8 a) and then increases to 300 K (Figure 6-8 c). As can be 
seen, the deformed shape obtained after the cooling process shown in Figure 6-8 (a) 
demonstrated that the indium joint mainly underwent a tensile loading as temperature 
decreased. And the peripheral region of the joint has the highest residual stresses 
during temperature changes. To study this distribution, all stress components were 
analyzed at two locations at the solder/sensor interface (Points 1 and 2 in Figure 6-8 a). 
 
It was found that the largest components are the normal stresses σଵଵ, σଶଶ and σଷଷ, the 
levels of which are in the same order of magnitude with the von-Mises stress and an 
order higher than that of other components. Focusing on Points 1 and 2, σଵଵ and σଷଷ 
are tensile for both locations; by contrast, the value of σଶଶ is positive at Point 2 and 
negative at Point 1, indicating that these two points underwent tension and 
compression with the decrease of temperature (Figure 6-8 b). Hence, the inverse 
distribution in σଶଶ should be the major source of stress concentration in Figure 6-8 (a), 
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according to the von-Mises criterion (see Section 3.3.2). Since it is speculated that the 
stress concentration is in/near the IMC layer, the properties and behavior of IMC to 
such cyclic loading could play a critical role in determining the performance of the 
hybrid pixel detector. 
 
 
  
(a) (b) 
  
(c) (d) 
Figure 6-8 Stress distribution in outmost joint: (a) von-Mises stress and (b) stress component ો૛૛ 
(central cross-section) when temperature is reduced to 76 K (t = 89.2 s); (c) von-Mises stress and 
(d) stress component ો૛૛ (central cross-section) when temperature is increased to 300 K (t = 258.4 
s). Points 1 and 2 are locations of the outmost joint for comparative study. Scale factor for 
deformation is 20. 
By assuming isotropic thermal expansion, the level of contraction of indium is higher in 
all directions compared to silicon during a cooling process since the CTE of indium is 
Point 2 Point 1 
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much larger than that of silicon (see Figure 6-4). Thus, the distance between the sensor 
and the readout chips (Y axis) decreased as a result of a large amount of contraction of 
indium joints. Meanwhile, for a single joint, the interfaces between it and chips 
restrained the contraction of indium along the Y axis due to the mismatch in CTEs of 
indium and silicon, which resulted in an inverse distribution in σଶଶ between the edge 
and central regions at the solder/chip interfaces. Subsequently, the edge region near the 
solder/chip interfaces exhibited the largest deformation due to the highest level of 
residual stress induced when the temperature decreased to 76 K as seen in  
Figure 6-8 (a). 
 
Nevertheless, the additional constraint on geometry (fixed displacement along the  
Y axis at the central bottom point in Figure 6-2 a) contributed to the appreciable 
difference in stress distribution (σଶଶ) between the indium/sensor (top-plane) and 
indium/readout (bottom-plane) interfaces shown in Figure 6-8 (b). Still, no high shear 
deformations were observed in the indium joint during low-temperature cycling, which 
could be linked to the different level of contraction mismatch between sensor/readout 
chips and solder/chips. Shear deformation is normally related to the mismatch between 
top layer (sensor) and bottom layer (readout chip). In this case, since both chips are 
made of silicon, the source for this mismatch is mainly due to the limited geometry 
constraint. According to the results, the contraction mismatch caused by the 
differential CTEs between the solder and chips is likely to be predominant, leading to 
tension/compression deformation, rather than shear deformation due to the geometry 
constraint. It is similar to the case when temperature increases from 76 K to 300 K as 
given in Figure 6-8 (d), which is attributed to the differential expansion of indium and 
silicon associated with constraints due to the interfaces of indium joint. Consequently, 
the edge near the solder/chip interface appeared to be the major site for deformation 
during the temperature change (for instance, the heating and cooling processes). 
 
The influence of temperature on the stress/strain evolution was also analyzed for two 
stages: the dwell period at cryogenic temperature (down-dwell stage) and at the 
maximum temperature (up-dwell stage), respectively. Point 1 (see Figure 6-8 a) at the 
solder/sensor interface was analyzed since it is the main site for stress concentration 
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and deformation. To facilitate the comparison, all the results, the evolution of  
von-Mises stress and the creep strain, were normalized with the initial value obtained 
from the respective dwell stages. The signs (◄) and (►) in Figure 6-9 (a) represent the 
von-Mises evolution of Point 1 after normalization during down- and up- dwell stages, 
respectively. Stress relaxation occurred in both down- and up-dwell stages. 
Approximately, 37% of stresses were released during the down-dwell stage while more 
than 65% relaxation occurred in the up-dwell stage as expected since material hardens 
at cryogenic temperature.  
 
Analysis of creep deformation at Point 1 demonstrates that the creep strain increased 
with time at both stages as obvious in Figure 6-9 (b), but the level of increase during 
the down-dwell stage (◄) is larger than that during the up-dwell stage (►). This is 
attributed to the change of creep strain with time with the creep strain rate depending 
on stress and the value of (Qୡ T⁄ ) according to Equation (6-2). Thus, the larger increase 
at cryogenic level could be related to the fact that residual stress at low temperature is 
higher than at maximum temperature as shown in Figure 6-8 (a) and (c), and the 
activated energy for creep applied to cryogenic temperature (Qc‐LT) is much lower 
than at maximum temperature (Qc‐HTሻ. The details will be discussed in Section 7.4.1. 
 
6.4.1.3 Deformation at low-temperature cycling 
Evolution of the effective inelastic strain (ߝୣ୤୤୧ୣ ) with low-temperature cycles was 
obtained with Equation (6-4) on the basis of the von-Mises criterion and plotted in 
Figure 6-10:  
 
 
εୣ୤୤
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ଶ
ሿ
3
 
(6-4) 
 
where εkie (k =1, 2, 3) is the magnitude of the principal inelastic strain component after 
each cycle. Thermal ratcheting occurred in the joint (Point 1) caused by  
low-temperature cycling as seen in Figure 6-10. And the stabilized inelastic strain 
tends to occur after one cycle.   
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(b) 
Figure 6-9 Evolution of von-Mises stress (a) and creep strain (b) at Point 1 (see Figure 6-8 a): when 
temperature is reduced to 76 K (t = 89.2 s) and dwelled for 80 s during first cycle (bottom 
coordinate axis); when temperature is increased to 300 K (t = 258.4 s) and dwelled for 80 s during 
first cycle (top coordinate axis). Signs (◄) and (►) represent the respective down- and up-dwell 
stages. 
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Figure 6-10 Evolution of effective inelastic strain at Point 1 with thermal cycles 
6.4.2 Case B 
In a general numerical procedure to analyze the reliability of solder joints due to 
temperature changes in electronics packages, the solder’s response in a package under 
conditions of thermal cycling is simulated with the FE model. The constitutive law 
applied to describe the creep behavior of solder joints is commonly attained by fitting 
the experimental creep data obtained from the tests with a series of constant loads at 
evaluated temperatures. As stated before, the creep behavior of metals and alloys for 
normal service conditions can usually be expressed in terms of a power-law relation, 
including stress, creep strain (rate), and temperature and activation energy for creep. 
Here, the curve-fitting process was simplified to execute the relation by assuming a 
constant activation energy for creep within the range of temperature studied. It is valid 
for temperature regimes above 0.5 Tm of the solder material. For this case, Qc-HT (the 
value corresponding to temperature above 0.6 Tm shown in Equation (6-3) was 
employed as a constant level of activation energy during the low-temperature cycling, 
as Case B, and compared it with Case A in order to understand the influence of 
activation energy on the deformation of solder joints due to low-temperature cycling. 
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Evolution of von-Mises stress during two stages (down- and up-dwell stages) at  
Point 1 was compared and plotted after normalization in Figure 6-11 (a). The same 
method for normalization was used as stated in Section 6.4.1.1. Compared with stress 
development, the capability of stress relaxation predicted in Case A is 35% on average, 
which is larger than that in Case B (5% relaxation) during the down-dwell stage 
(bottom coordinate axis in Figure 6-11 a) while approximately 65% residual stress 
induced during heating process was released for both Case A and B during the  
up-dwell stage (top coordinate axis in Figure 6-11 a). Figure 6-11 (b) illustrates the 
creep strain of both Cases A and B during the down-dwell stage after normalization. A 
larger increase is found in Case A compared with Case B. Combined with the 
comparison of creep strain evolution between the down- and up-dwell stages in Case A 
(see Figure 6-9 b), the lower activation energy for creep could increase the sensitivity 
of creep strain to temperature, particularly the low temperature associated with higher 
residual stress.  
 
However, it is worth noting that, with the decrease of temperature to the cryogenic 
range, the maximum stress obtained from Case B is observed to be approximately  
29.2 MPa at the peripheral of the outmost joint (i.e. Point 1), which is significantly 
higher than the yield strength (2.8 MPa), and the ultimate strength (15 MPa), of pure 
indium at 76 K [24], becoming unrealistic in field use. By contrast, the stress 
magnitude predicted in Case A is about 4.83 MPa at Point 1 after cooling the package 
down to 76 K with a cooling rate of 2.5 K/s (see Figure 6-8 a). For a period of dwell at 
76 K for 80 s, Figure 6-9 (a) clearly indicates the 35% maximum stress was relaxed 
(down to 3.14 MPa) at Point 1. This is reasonable since the fast cooling rate will 
induce higher residual stress (the rate of 2.5 K/s used in the present study is much 
faster than that encountered in service). Overall, referring to the strength of indium 
joint obtained at 298 K (see Section 5.3), as well as flow stress increases with 
temperature decreases (see Chapter 2), it is apparent that the proposed model (Case A) 
produced more reasonable results than that from Case B under such thermal changes. 
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(b) 
Figure 6-11 Evolution of von-Mises stress and creep strain at Point 1 (see Figure 6-8 a): (a)  
von-Mises stress during down-dwell stage (bottom coordinate axis, 89.2 to 169.2 s) and up-dwell 
stage (top coordinate axis, 258.4 to 338.4 s); (b) creep strain during down-dwell stage: Signs (-■-) 
and (-■-) stand for down- and up-dwell stages of Case A; Signs (―) and (―) stand for down- and 
up-dwell stages of Case B. 
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The difference in the accumulated creep deformation at Point 1 between Case A and 
Case B is presented for five low-temperature cycles in Figure 6-12. The predicted 
value for Case A is 27.3% higher than that for Case B. Refocusing on the creep 
increase along thermal cycling: as expected as a result of the differential level of creep 
deformation during the down-dwell stage, since, e.g. there is a higher increase (16%) 
in creep strain during the down-dwell stage for Case A as given in Figure 6-11 (b). 
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Figure 6-12 Evolution of accumulated creep strain at Point 1 (see Figure 6-8 a) with  
low-temperature cycles 
6.5 Conclusions 
In this chapter, a constitutive model, accounting for the influence of the large-range 
temperature change (0.18 – 0.96 Tm of a material) on the deformation, is proposed for 
the indium joints used in low-temperature applications, specifically associated with the 
system of a hybrid pixel detector, thereby, the solder’s response in the package to  
low-temperature cycling (76 K – 300 K) was studied. 
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The results show that the peripheral regions of the solder/chip interfaces are the critical 
locations that can be likely to induce failure, in particular, for the outmost joints. 
Thermal ratcheting occurred to the joints during low-temperature cycling.  
 
For the two cases studied, compared to the results from the Case B based on a constant 
level of the activation energy for creep, the proposed approach (Case A) can produce 
more adequate results for the temperature change. 
 
The effect of variable activation creep energy should be accounted for in the thermo-
mechanical stress and deformation analysis of a device used at cryogenic temperatures 
as it is likely to increase the sensitivity of creep strain-rate to low temperature. 
 
The proposed model offers an approach to analyze the performance of the joints under 
the temperature change of concern, and provides a useful tool for design optimization 
for electronic package and experimental testing.  
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CHAPTER 7 — Thermo-mechanical characteristics of 
indium micro-joint under various low-temperature 
excursions 
 
 
7.1  Introduction 
One major concern in the development of microelectronics for low-temperature 
applications is to assess the reliability performance of an electronic system subjected to 
various temperature changes. For example, in extreme service conditions, a hybrid 
pixel detector (Medipix 3, see Chapter 6) can undergo a temperature excursion from a 
low of 76 K to a high of 300 K. Also, extreme temperatures on the space exploration 
rover, as recorded by Apollo 17 [1], range from a low of 76 K to a high of 420 K. 
Thermal stresses and deformation of microelectronics arising from temperature changes 
are linked to the constitutive properties of solder materials and bonding strength of its 
under-metallisation, and should be limited by the permissible load of electronic 
components. As such, the reliability and life span of microelectronic systems used in 
low-temperature conditions can be significantly degraded by thermal fatigue of solder 
interconnects, induced by the CTE mismatch between different components in the 
package and defined by their constitutive properties.  
 
One typical application for low-temperature microelectronics interconnections is the 
indium joints used in the pixellated detector systems. Large facilities, for instance, the 
Diamond Light Source, the European Synchrotron Facility in Grenoble and the 
European X-ray Free Electron Laser (E-XFEL) devote major efforts to develop the 
pixellated silicon and germanium detectors used in cryogenic temperatures. Also, other 
imaging detectors include high-resolution thermal imaging cameras and near infrared 
detectors [2]. Since each indium joint represents an individual pixel in detector systems 
by interconnecting the signal line of a sensor to the hybrid detector assembly (i.e. ASIC, 
see Section 1.4), the properties and behaviour of individual joint play an important role 
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in determining the functionality of detectors. Thus, as the pixel density determines the 
lateral resolution of the sensor, one of the main challenges with the development of 
finer bumps (higher pixel density) is to minimise the residual stress in indium joints 
under various in-service conditions. Due to its extreme service temperature range, the 
thermal conditions that indium joints undergo in service life can be harsh, for example, 
from room temperature to liquid-nitrogen temperature. Hence, thermal stress/strain 
analysis of indium joints used in a hybrid pixel detector package (i.e. Medipix 3) will 
be investigated by emphasizing such harsh environments in the present chapter in order 
to understand the corresponding thermo-mechanical behaviour.  
 
As described in Chapter 3, finite element analysis (FEA) has become a very important 
tool for studying the reliability and performance of solder joints under various 
conditions. Also, there are always difficulties associated with reliability testing, for 
instance, the high cost of design and constructing experiments. Therefore, the  
stress-strain data of the indium joints obtained in Chapter 5, as well as the established 
constitutive creep model, is employed and implemented into FEA software ABAQUS 
to analyze stress/strain distributions and the evolution of indium joints under various 
close-to-real-life thermal profiles to help understand its performance and reliability. 
Moreover, as demonstrated in Chapter 6, as a soft solder, indium is subjected to thermal 
fatigue in the cyclic thermal loading between 300 K and 76 K. However, the thermal-
fatigue performance of the interconnection material can often vary for different ramp 
rates and dwell times employed. Hence, thermal fatigue behaviour is also evaluated 
under different low-temperature cycling by considering the above factors. Thermal 
stress/strain analysis was carried out for two cases: creep analysis and creep + plasticity 
analysis, in order to understand the contribution of creep and plasticity to the 
deformation of the indium joint.  
 
7.2 Model geometry and material properties 
The model geometry and boundary conditions used here for thermal stress analysis are 
the same as those used in Chapter 6 (see Figure 6-2). As stated in Chapter 2, the 
deformation behaviour of metals and alloys is a function of stress and temperature. 
Additionally, the deformation mechanism of interconnects is complex for  
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low-temperature microelectronics due to their wide temperature change. Based on the 
literature (see Section 2.2) and our experimental study (see Chapter 5), steady-state 
creep is a prominent deformation mechanism for indium joints within the homologous 
temperature range of 0.18 – 0.96 T୫ . However, in reliability studies, plasticity and 
creep play a very important role since these induce irreversible deformation in the 
solder joint. Therefore, the thermo-mechanical analysis of indium joints was tackled in 
two steps. Firstly, by assuming that only creep deformation occurred, creep analysis 
was conducted to understand the extent of creep deformation taking place in the indium 
joints under various low-temperature changes. Then, both plasticity and creep were 
taken into consideration (creep + plasticity analysis) in order to help further understand 
the difference on the contribution to deformation during thermal changes. 
 
It should be noted that all the data and figures in this chapter that refer to ‘plasticity’ 
should really read ‘time-independent plasticity’ as distinct from the time-dependent 
creep component. In view of thermal stresses in electronic packaging, time-independent 
plasticity is normally correlated to temperature-dependent yield stress with strain-
hardening as discussed in Chapter 3. Information for both bulk indium (see Chapter 2) 
and indium joint (see Chapter 5) indicates that yield stress is rather insensitive to both 
temperature and loading rate compared with the ultimate strength. Thus, the stress-
strain curve of thin indium joints on the Ni/Cu substrate obtained in Chapter 5 was 
chosen to represent the plasticity and implement it into the model with isotropic 
hardening properties as shown in Figure 7-1. All of the input data are given in  
Table 7-1, and the material constants for the proposed creep model are defined in 
Chapter 6. 
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Figure 7-1 Stress-strain curve of indium joint used for simulations (Ni/Cu substrate, 298 K) 
 
7.3 Thermal history 
From the viewpoint of manufacturing, assembly and in-service conditions, the thermal 
history of a hybrid pixel detector package used in low-temperature applications could 
be involved in the following situations:  
 
i. The assembly temperature of the bonding process for indium joints is above the 
melting point of indium (T୫= 429 K), while the operating temperatures for a 
hybrid pixel detector are normally at cryogenic temperatures, for instance, for 
Medipix 3 (≤ 76 K). Hence, there could be a temperature excursion from the 
assembly to the operating conditions. 
ii. Due to handling the component during fabrication and in service, it will 
experience temperature excursion, involving thermal cycling between room 
temperature and cryogenic temperatures, and long-term storage at constant 
temperatures. 
  
 
 
Table 7-1 Material properties used in this study: elastic properties of indium and silicon obtained from [3] 
 
Elastic (300 K-76 K) 
Thermal expansion  
(300 K-76 K) 
Time-independent plasticity 
(300 K-76 K) 
Creep (300 K-76 K) 
Temperature, K E, GPa v 
A, α, n in 
Equation (6-2) 
Qc in 
Equation (6-2) 
Indium 
76 20.54 0.4326 
temperature-dependent, 
Figure 6-4 
Figure 7-1 Table 6-1 
QcሺTሻ in 
Equation ሺ6‐4ሻ 187 16.24 0.4408 
300 12.70 0.4498 
Silicon 
(readout 
and sensor 
chips) 
76 16.80 0.28 
temperature-dependent,  
Figure 6-4 
N/A N/A 187 16.80 0.28 
300 16.80 0.28 
 E – Young’s modulus, v – Poisson’s ratio, CTE – coefficient of thermal expansion 
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In actual situations, it is expected that the package is nearly stress-free by allowing 
stress relief at room temperature after manufacturing and the assembly processes. Thus, 
the second case is the main regime to study in this chapter. For such a case, the 
temperature range is set to be between 76 K and 300 K in this study. The effect of hold 
at constant extreme temperatures on the stress/strain evolution (e.g. creep) of a hybrid 
pixel detector package (e.g. Medipix 3) is examined as low-temperature hold, holding 
at 76 K for long-term period after a controlled cooling process, and high-temperature 
hold, holding at 300 K for long-term period after a controlled temperature cycle, 
respectively. The effect of ramp rate on the evolution of stress and strain of indium 
joint in these two cases is also included.  
 
A typical temperature cycle is described by its starting, maximum (high), and minimum 
(low) temperatures, as well as the duration of time for ramp-up (heating), ramp-down 
(cooling), and dwell at both extreme temperatures. The resulting deformation will 
generally vary in a complex way depending on the frequency and amplitude of the 
thermal stress cycle. Hence, the effects of the ramp rate and dwell time of  
low-temperature cycling on thermal stress/strain of the package are investigated in this 
chapter as well.  
 
In this study, the starting temperature for all the simulated thermal histories is 300 K, as 
well as maximum temperature, while 76 K is the minimum temperature. To identify the 
difference between slow and fast temperature changes (i.e. heating and cooling 
processes), one order difference on the magnitude of ramp rate was chosen. The 
determination of the ramp rate was referenced to real-life conditions. For example, the 
magnitude of ramp rate selected for the cooling process during the low-temperature 
hold was based on the principle that cooling media was imported into detector systems 
gradually in real life. Thus, three ramp rates, 0.5, 2.5 and 5.0 K/s, were chosen to 
investigate the effect from the cooling rate. Additionally, a rather high ramp rate  
(10.0 K/s) was selected in the case of high-temperature hold for the temperature cycle 
in order to obtain a comparable result with the case with 2.5 K/s ramp rate. In terms of 
low-temperature cycling, three ramp rates, 0.5, 2.5 and 25.0 K/s, were chosen with the 
consideration of the effect from thermal shock, when the package was put in and took 
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out of the cooling media. Similarly, two dwell times, 80 and 800 s, were determined as 
short and long dwell in low-temperature cycling, respectively. One day -24 hrs (86400 s) 
was employed in both cases of holding at extreme temperatures to simulate long-term 
duration at constant temperatures. Therefore, in total, nine thermal histories were used 
in this study in order to investigate different loading parameters (i.e. ramp rate and 
dwell time) on deformation behaviour of indium joint. The summary of all the thermal 
histories adopted is given in Table 7-2. The FE results in Chapter 6 showed that the 
increment of effective inelastic strain per cycle has become stabilized after one cycle, 
so the thermo-mechanical response of indium joint to low-temperature cycling was 
analyzed within four cycles.  
Table 7-2 Summary of temperature profiles adopted in simulations 
Loading 
histories Thermal profiles 
Ramp rate 
(K/s) 
Low-
temperature 
dwell time (s) 
High-
temperature 
dwell time (s) 
Number 
of cycles 
Type A Low-temperature hold 
0.5 86400 0 
 2.5 86400 0 
5.0 86400 0 
Type B High-temperature hold 2.5 80 86400 
1 
10.0 80 86400 1 
Type C 
Low-
temperature 
cycling 
Profile 1 0.5 80 80 4 
Profile 2 2.5 80 80 4 
Profile 3 2.5 800 800 4 
Profile 4 25.0 80 80 4 
 
Figure 7-2 presents the distribution of the displacement magnitude of the Medipix 3 
package after temperature is reduced from 300 K to 76 K under a given ramp rate. The 
maximum tensile and shear stresses should occur at the solder bumps farthest from the 
chip’s middle point; they arise from the differing displacements among the three layers 
as shown in Figure 7-2. Moreover, as discussed in Chapter 6, the stress concentration 
and deformation mainly occur at the periphery of the package (i.e. the outmost joint) 
during temperature cycling due to the local in-plane mismatch between sensor/readout 
chips and chip/indium joint. So the corner joint (i.e. Point 1 in Figure 6-8) will be the 
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main location to analyze in this chapter. Also, the normal stress and strain along the  
Y axis will be investigated since the tension/compression deformation was identified to 
be the main contributor to stress concentration during temperature change (see  
Chapter 6 and Section 7.4.1). 
 
 
Figure 7-2 Distribution of displacements in package after temperature reduction from 300 K to  
76 K (central cross-section of peripheral joints normal to Z axis) 
7.4 Creep analysis 
7.4.1 Cooling process 
When the ambient temperature decreases from the initial stress-free state (e.g. 300 K in 
this case) to liquid-nitrogen temperature (76 K), the package is subjected to thermal 
contraction along the X, Y and Z directions as shown in Figure 7-3. In the cooling 
process, the readout chip (bottom part in Figure 7-3) contracts less than the sensor chip 
(top part in Figure 7-3), especially along the Y axis (see Figure 7-3 a), due to the 
directional displacement constraint at the central bottom point (see Figure 6-2). 
Associated with different CTEs between silicon and indium, this mechanism induces 
stresses primarily along the Y axis in the indium joint. Also, the outmost joint is the 
location exposed to the maximum residual stress due to the difference on the 
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displacement of the sensor and the readout chip at the edge of the package as shown in 
Figure 7-3 (b).  
 
 
 
(a) 
 
(b) 
Figure 7-3 Comparison of deformation of Medipix 3 after cooling from 300 K to 76 K with 0.5 K/s 
ramp rate (solid edge) with stress-free shape (dashed edge): Cut view of peripheral joint array 
normal to Z (a) and X axes (b). Scale factor for deformation is 20 
Undeformed 
shape 
Deformed 
shape 
Undeformed 
shape 
Deformed 
shape 
Outmost  
joint 
Outmost  
joint 
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As discussed in Chapter 6, the interface between the chip and indium in a single joint is 
the main location for stress concentration, with the highest level of residual stress. As 
given in Figure 7-4 (a-c), the normal stress components, σ11 and σ33, indicate that the 
indium joint is under tension at the interface along both X and Z axes, but the edge and 
the central region near the interface are under compression and tension along the Y axis 
(σ22 ). According to the von-Mises criterion (Equation 3-29), such reverse stress 
distribution is the major source for a higher level of residual stress in the peripheral 
region of the interface. Subsequently, creep deformation occurs at the interface during 
the cooling process, and the peripheral region of the interface is the main location with 
the maximum deformation as shown in Figure 7-4 (d). 
 
The evolution of normal stress (σ22) in the indium joint was analyzed and compared for 
different ramp rates. Figure 7-5 demonstrates the evolution of σ22 with the decrease of 
temperature at the maximum stress location (Point 1 in Figure 6-8), which is also the 
location of maximum strain. With the increase in the cooling rate, higher residual stress 
was induced in the joint during the cooling process (see Figure 7-5). Refocusing on the 
stress evolution, the strain hardens more when the ramp rate changes from 0.5 K/s to 
2.5 K/s. There is also less hardening with the further increase, i.e. from 2.5 to 5.0 K/s. 
So the magnitude of von-Mises stress is 4.63, 5.20 and 5.45 MPa after cooling with 
ramp rates of 0.5, 2.5 and 5.0 K/s, respectively. 
 
At temperatures below 100 K, a steep increase in the stress occurs to the indium joint. It 
consistently initiates when the value of Qୡ adopted for this temperature range decreases 
to Qc‐LT  (see Equation 6-4). Compared with the stress increase in the temperature range 
between 257.4 K and 300 K (Qc‐HTሻ, it indicates the decrease of Qୡ induces higher 
hardening, leading to the higher residual stress. Subsequently, the deformation 
evolution during dwell at the low extreme is greater than that during dwell at the high 
extreme of low-temperature cycling (as discussed in Chapter 6).  
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(a) (b) 
(c) (d) 
Figure 7-4 Distribution of normal stress components: (a) ો૚૚; (b) ો૛૛; (c) ો૜૜; (d) creep strain in 
outmost joint (central cross-section normal to Z axis) when temperature is reduced from 300 K to 
76 K with 5.0 K/s ramp rate. Scales factor for deformation is 20 
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Figure 7-5 Evolution of normal stress component ો૛૛ along the Y axis with temperature for 
different ramp rates 
7.4.2 Low-temperature hold (Type A) 
In order to understand thermal stress/strain at in-service temperatures (e.g. 76 K), stress 
concentration and deformation of Medipix 3 was analyzed with the following 
considerations: dwells at the low-temperature extreme for 24 hrs after a controlled rate 
of temperature change (ramp rate). Figure 7-6 demonstrates the distribution of  
von-Mises stress at the peripheral array of indium joints after the temperature changes 
from 300 K to 76 K with 2.5 K/s ramp rate followed by holding at 76 K for 24 hrs. 
Stress still mainly concentrates at the interface of chip and indium, especially in the 
outmost joint (as marked in Figure 7-6). Comparison of the von-Mises stress evolution 
at Point 1 as given in Figure 7-7, stress in the indium joint relaxed significantly during 
the dwell at 76 K for 24 hrs (by more than 72%). Regarding the effect of ramp rate, its 
higher magnitude induces a higher extent of stress relaxation, approximately 4.4% more 
was observed in the case with 5.0 K/s ramp rate (76.4% relaxation) than in the case 
with 0.5 K/s rate (72% relaxation). However, the extent of stress relaxation is similar -  
75.3% and 76.4% - for the ramp rates of 2.5 and 5.0 K/s, respectively.  
CHAPTER 7 
                                                      Thermo-mechanical characteristics 
of indium micro-joint under various low-temperature excursion
 
- 214 - 
 
 
 
 
Figure 7-6 Distribution of von-Mises stress for peripheral joints (central cross-section normal to  
Z axis) after hold at 76 K for 24 hrs (ramp rate 2.5 K/s). Scale factor of deformation is 30 
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Figure 7-7 Evolution of von-Mises stress at Point 1, normalized with the corresponding values 
obtained after cooling, during hold at 76 K for 24 hrs after temperature decrease from 300 K to  
76 K with different ramp rates 
Outmost joint 
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The level of residual stress did not increase constantly with the increase in the ramp rate 
during the cooling process (see Figure 7-5). Thus, it denotes that the increase in the 
ramp rate does affect stress evolution, but the effect tends to decline afterwards. This is 
confirmed by the evolution of creep deformation with different ramp rates as shown in 
Figure 7-8. After the hold at the low-temperature extreme for 24 hrs, the magnitude of 
the creep strain increased by 2.48%, 2.87% and 3.08% after the cooling process under 
the respective ramp rates 0.5, 2.5 and 5.0 K/s. 
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Figure 7-8 Evolution of creep strain at Point 1, normalized with the corresponding values obtained 
after cooling, during hold at 76 K for 24 hrs after temperature decrease from  
300 K to 76 K with different ramp rates 
7.4.3 High-temperature hold (Type B) 
In order to understand thermal stress/strain induced in the package when it undergoes 
the change from in-service temperature to room temperature, the distribution and 
evolution of stresses and strains was modelled by employing a low-temperature cycle 
and then a hold at the high-temperature extreme for 24 hrs (see Figure 7-9). Also, two 
different ramp rates (2.5 and 10 K/s) were applied to the low-temperature cycle, to 
investigate the effect of temperature cycling on the subsequent high-temperature-
extreme hold period. The deformation behaviour along the Y axis is characterized by 
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the σଶଶ  - εଶଶ  hysteresis loop, obtained at Point 1 during the low-temperature cycle  
(A-E in Figure 7-9); it is presented in Figure 7-10 for both ramp rates. At point A, the 
high-temperature extreme of the cycle (300 K), the stress in the joint is zero because it 
is stress-free at this temperature. As the temperature is ramped down to 76 K (point B), 
accommodation of the displacement due to CTE mismatch in the package causes a 
gradual plastic deformation, with flow stress in the indium joint increasing. Between 
points B and C (dwell at the low-temperature extreme), stress is relaxed. Upon heating 
to 300 K between points C and D, the creep deformation of the indium joint is small 
until point D is reached, where the temperature is high enough for significant 
deformation to occur. Upon the further increase in temperature from points D to E, the 
flow stress of the indium joint decreases with the increase in temperature, and creep 
deformation essentially occurs in the joint. Comparing the hysteresis loops for two 
different ramp rates, the difference mainly occurs in the cooling process, particularly 
when temperature is below 100 K (point D in Figure 7-9). So, the magnitude of  
von-Mises stress at Point 1 after the cycle is 1.90 and 2.28 MPa for the ramp rates of 
2.5 and 10 K/s, respectively. This is consistent with the result observed in the preceding 
sections. 
0 100 200 60000 70000 80000 90000
50
100
150
200
250
300
0 100 200 60000 70000 80000 90000
50
100
150
200
250
300
Te
m
pe
ra
tu
re
, K
Time, s
D
E
CB
A
High-temperature hold
Ramp rate Ramp rate
80 s
 
76 K
 
Figure 7-9 Temperature profile used for high-temperature hold study (ramp rates 2.5 and 10 K/s) 
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The evolution of von-Mises stress and creep strain during hold at 300 K for 24 hrs after 
one cycle is presented in the respective Figure 7-11 and Figure 7-12 for both ramp rates. 
In holding at the high-temperature extreme for one day, more than  
90% of residual stress, induced during temperature cycling, is relaxed. The increase in 
the ramp rate causes 1.5% difference in the extent of stress relaxation. Since significant 
stress relaxation occurs during the hold time, the extent of creep deformation shows 
little difference for two ramp rates, 1.03% for 2.5 K/s and 1.29% for 10 K/s during the 
high-temperature hold. Comparison with the results for the low-temperature hold shows 
that the indium joint demonstrated an easier relief of the residual stress with less creep 
deformation during the high-temperature hold, and the ramp rate shows little effect on 
the deformation behaviour of the indium joint during the high-temperature hold in 
comparison with the case for the low-temperature one. 
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Figure 7-10 Hysteresis loop of nominal stress vs. total strain along Y axis (ો૛૛ - ઽ૛૛) after cooling-
heating cycle (from A to E in Figure 7-9) with different ramp rates 
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Figure 7-11 Evolution of von-Mises stress at Point 1, normalized with the corresponding values 
obtained after cooling-heating cycle, during hold at 300 K for 24 hrs after one temperature cycle 
between 300 K and 76 K with different ramp rates 
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Figure 7-12 Evolution of creep strain at Point 1, normalized with the corresponding values 
obtained after cooling-heating cycle, during hold at 300 K for 24 hrs after one temperature cycle 
between 300 K and 76 K for two ramp rates 
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7.4.4 Low-temperature cycling (Type C) 
In Chapter 6, thermal fatigue performance of indium joints under low-temperature 
cycling was studied under the ramp rate (2.5 K/s) with 80 s dwell time. Indium joints 
were found to harden rapidly, reaching a stable hysteresis loop after one cycle. So the 
increment of the effective inelastic strain per cycle tended to stabilize after one cycle 
(see Figure 6-10). Darveaux [3] observed experimentally similar behaviour when 
indium joints underwent mechanical cyclic loading tests at room temperature. In this 
section, another two ramp rates, 0.5 and 25 K/s, and another dwell time, 800 s, were 
employed in the model in order to understand the thermo-mechanical response of the 
indium joint to different thermal profiles.  
 
The deformation behaviour along the Y axis at Point 1, as presented via hysteresis loops 
(σଶଶ - εଶଶ), was obtained after the third cycle for three different ramp rates with the 
same dwell time (80 s) (see Figure 7-13) and two different dwell times with the same 
ramp rate (2.5 K/s) (see Figure 7-14). By considering the damage criteria (i.e. inelastic 
strain range, ISR or the strain energy density increment, ∆W), the ISR and/or ∆W 
increase with the increase of ramp rate. The effect of dwell time on ISR or ∆W is not 
significantly obvious. As demonstrated in Figure 6-10, the increment of effective 
inelastic strain per cycle at Point 1 is less than 3.5×10-4 during low-temperature cycling 
with 2.5 K/s ramp rate and 80 s dwell. Thus, it could be too small to recognize the 
difference using the hysteresis loop.  
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Figure 7-13 Hysteresis loop of nominal stress vs. total strain along Y axis (ો૛૛ - ઽ૛૛) generated after 
third cycle with different ramp rates 
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Figure 7-14 Hysteresis loop of nominal stress vs. total strain along Y axis (ો૛૛ - ઽ૛૛) generated after 
third cycle with various dwell times 
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The evolution of accumulated inelastic strain (i.e. accumulated creep strain) at Point 1 
was compared during thermal cycling under different thermal profiles by considering 
the factors of ramp rate and dwell time, as given in Figure 7-15. The repeated 
temperature cycles resulted in an incremental increase in inelastic strain. As shown in 
Figure 7-15 (a), the highest ramp rate has the largest accumulated inelastic strain, 
followed by the cases of 2.5 K/s and 0.5 K/s although the differences are small. In 
comparison with the shorter dwell time, the accumulated inelastic strain is greater after 
four cycles when the indium joint underwent a longer dwell time with the same ramp 
rate (Figure 7-15 b). The inelastic strain range (ISR) for each temperature cycle is 
presented in Table 7-3. The stabilized ISR tended to occur after one cycle for all the 
thermal profiles. Regarding the ramp rate, the stabilized ISR with low-temperature 
cycles follows the same pattern, i.e. decreasing with the decrease in the ramp rate. 
However, comparing the effects of the ramp rate and the dwell time, the longer dwell 
time demonstrates the largest ISR for all the thermal profiles. As discussed above, this 
should be related to dwell at the low-temperature extreme. 
 
To estimate fatigue life, fatigue models are generally used to establish a relation 
between a damage metric value (i.e. ISR) and the number of cycles required to meet a 
certain failure criterion. So the difference in the stabilized inelastic strain range has 
direct implications for the fatigue life of the indium joint. A typical model, the  
Coffin-Mason equation, is widely used for the fatigue life prediction of solder joints in 
electronic packaging [4] 
 
 N୤ ൌ C୤ሺ∆εሻ୬౜ , (7-1) 
 
where C୤ and n୤ are material constant and fatigue ductility exponent, respectively. ∆ε is 
the stabilized inelastic strain range. N୤ is the number of cycles-to-failure.  
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(b) 
Figure 7-15 Evolution of accumulated creep strain at Point 1 during temperature cycling: (a) effect 
of ramp rate (dwell time 80 s); (b) effect of dwell time (ramp rate 2.5 K/s). Note: different axes of 
abscissas are used for different profiles of Type C in Table 7-2. 
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Table 7-3 Predicted inelastic strain range (ISR) in indium joint (Point 1) during low-temperature 
cycling with different profiles (Type C in Table 7-2) 
Cycle  
Inelastic strain range (ISR) 
Profile 1 (0.5/80) Profile 2 (2.5/80) Profile 3 (2.5/800) Profile 4 (25/80) 
1 0.02667 0.02670 0.02689 0.02673 
2 0.02655 0.02658 0.02683 0.02662 
3 0.02655 0.02658 0.02683 0.02662 
4 0.02655 0.02658 0.02683 0.02662 
(A/B) denotes ramp rate of A K/s and dwell of B s 
 
Taking the parameters obtained by Rui [5] as a reference, for pure indium joints using a 
failure criterion of crack initiation during thermal shock between 76 and 398 K, 
 
 N୤ ൌ ሺ0.0894∆εሻିଵ.ଶସ଻ହ . (7-2) 
 
Then on the basis of the predicted stabilized ISR (see Table 7-3), the predicted fatigue 
life (see Table 7-4) for the indium joint (Point 1) is obtained for different thermal 
profiles. It implies that a one-order of magnitude change in the ramp rate (i.e. Profiles 1 
and 4) could induce less than 0.37% difference in the predicted fatigue life. 
Comparatively, it could produce a 1.17% lower life when dwell time increases by  
one-order from the initial magnitude (i.e. Profiles 2 and 3). 
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Table 7-4 Predicted fatigue life of indium joint (Point 1) during low-temperature cycling with 
different profiles (Type C in Table 7-2) 
Thermal profiles Stabilized ISR Fatigue life (cycles) 
Profile 1 (0.5/80) 0.02655 1880 
Profile 2 (2.5/80) 0.02658 1877 
Profile 3 (2.5/800) 0.02683 1855 
Profile 4 (25.0/80) 0.02662 1873 
(A/B) denotes ramp rate of A K/s and dwell of B 
 
7.5 Creep + plasticity analysis 
In order to understand the contribution of plasticity to inelastic deformation, this section 
presents thermal stress/strain analysis, taking the plasticity of the indium joint into 
account for various temperature profiles. The respective results are compared with 
those obtained in cases only assuming creep deformation (Creep analysis).  
 
Figure 7-16 demonstrates the evolution of accumulated creep and plastic strain when 
the indium joint undergoes a cycle of cooling from 300 K to 76 K, dwelling at 76 K for 
80 s, followed by a return back to 300 K with a given ramp rate. Taking the case with 
10 K/s ramp rate as an example, creep deformation contributes around 97.6% to the 
total inelastic magnitude, with only 2.4% contributed by plastic deformation. Also, the 
accumulated creep strain increases with the cycle while plastic deformation only occurs 
during the cooling stage. Refocusing on the evolution of accumulated plastic strain, 
approximately 83.3% of plastic deformation occurs when the temperature decreases 
below 100 K. In comparison with creep deformation obtained from Creep analysis, the 
magnitude of creep strain is less in the Creep + plasticity analysis during the heating 
process (from 76 to 300 K). This is attributed to a relatively lower level of residual 
stress induced during the cooling process due to plastic deformation than that without 
plasticity consideration. For example, the stress level in the indium joint is 4.43 and 
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5.22 MPa for the Creep + plasticity and Creep analyses, respectively, after the cooling 
process under the same ramp rate.  
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Figure 7-16 Evolution of inelastic strain during cooling-heating temperature cycle between 300 K 
and 76 K with ramp rate of 10 K/s: accumulated creep strain from the creep analysis and  
creep + plasticity analysis; accumulated plastic strain from creep + plasticity analysis 
This is consistent with the evolution of inelastic strain during the hold at  
76 K for 24 hrs after cooling as given in Figure 7-17. With the same ramp rate (0.5 K/s), 
a 2.1% increase on inelastic deformation was obtained from the Creep + plasticity 
analysis during the hold at 76 K for 24 hrs where 0.38% more was observed from the 
Creep analysis. However, during the high-temperature hold after the low-temperature 
cycle, the evolution of thermal stresses and strains in both analyses shows little 
difference as given in Figure 7-18. The development of inelastic strain in both analyses 
in Figure 7-18 indicates a similar increase, particularly in the case with 2.5 K/s ramp 
rate. Even at 10 K/s, there is only 0.05% difference between the two analyses. 
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Figure 7-17 Evolution of total inelastic strain at Point 1, normalized with the corresponding values 
obtained after cooling process, during hold at 76 K for 24 hrs after temperature decrease from  
300 K to 76 K with 0.5 K/s ramp rate 
As seen in Figure 7-16, plastic deformation only occurred during the cooling process, 
particularly below 100 K. Hence, 0.38% difference between the two analyses during the 
low-temperature hold mainly arose from the difference in creep due to variation in the 
residual stress levels induced by considering plasticity. However, there is no plastic 
deformation when temperature increases and at the high-temperature hold. Also, there 
is higher stress relaxation with less deformation observed during the high-temperature 
hold than for the low-temperature one (see Section 7.4.3). Above all, inelastic 
deformation for the two analyses demonstrates little difference during the  
high-temperature hold (Figure 7-18). 
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Figure 7-18 Evolution of total inelastic strain at Point 1, normalized with the corresponding values 
obtained after cooling-heating cycle, during hold at 300 K for 24 hrs after one temperature cycle 
between 300 K and 76 K with two ramp rates 
Thermal-fatigue performance of the indium joint was studied for Creep + plasticity 
analysis with the considerations of ramp rate and dwell time. Figure 7-19 (a) indicates 
the evolution of accumulated inelastic strain during four temperature cycles for three 
different ramp rates and two different dwell times. With the incremental increase in the 
accumulated inelastic strain for every temperature cycle, the same tendency was 
observed as in the earlier Creep analysis: the magnitude increases slightly with the 
increase in the ramp rate. Also, the case with long dwell time has the largest 
accumulated inelastic strain after cycling. However, there is little difference when 
plasticity is taken into account. Figure 7-19 (b) illustrates the evolution of accumulated 
plastic strain during temperature cycling. As discussed above, apart from its small 
magnitude compared to total inelastic strain, plastic deformation mainly occurs during a 
certain cooling period, when temperatures reduce below 100 K (marked by a dashed 
line in Figure 7-19 b). As can be seen in the figure, the increment of the plastic strain 
during that cooling period decreases with the increasing number of thermal cycles, 
which is likely to be an implication of plastic shakedown (see Section 3-3).  
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(b) 
Figure 7-19 Evolution of accumulated inelastic strain (a) and accumulated plastic strain (b) during 
temperature cycling for creep + plasticity analysis and considering effects of ramp rate and dwell 
time. Note: different axes of abscissas are used for different profiles of Type C in Table 7-2. 
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Table 7-5 presents the calculated ISR for each temperature cycle obtained from  
Creep + plasticity analysis for different thermal profiles. On the basis of the  
Coffin-Manson equation (Equation 7-2), the fatigue life of indium joints was estimated 
and given in Table 7-6. Comparison with Creep analysis (Table 7-4) shows that the 
difference for life estimation is negligible. 
Table 7-5 Predicted inelastic strain range (ISR) in indium joint (Point 1) during low-temperature 
cycling with different profiles (Type C in Table 7-2) 
Cycle  
Inelastic strain range (ISR) 
Profile 1 (0.5/80) Profile 2 (2.5/80) Profile 3 (2.5/800) Profile 4 (25/80) 
1 0.02668 0.02671 0.0269 0.02674 
2 0.02656 0.02659 0.02683 0.02663 
3 0.02656 0.02659 0.02683 0.02663 
4 0.02656 0.02659 0.02683 0.02663 
(A/B) denotes ramp rate of A K/s and dwell of B s 
 
Table 7-6 Predicted fatigue life of indium joint (Point 1) during low-temperature cycling with 
different profiles (Type C in Table 7-2) 
Thermal profiles Stabilized ISR Fatigue life (cycles) 
Profile 1 (0.5/80) 0.02656 1879 
Profile 2 (2.5/80) 0.02659 1876 
Profile 3 (2.5/800) 0.02683 1855 
Profile 4 (25.0/80) 0.02663 1873 
(A/B) denotes ramp rate of A K/s and dwell of B s 
 
7.6 Conclusions 
The finite element analyses of a hybrid pixel detector (Medipix 3) were conducted for 
different thermal profiles in the low-temperature range. Thermal stress/strain behaviour 
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of the indium joint was simulated through two steps: (i) Creep analysis by assuming 
creep deformation only, and (ii) Creep + plasticity analysis in order to understand the 
extent of plasticity in deformation. The following summarises the main outcome of 
these FE studies: 
 
1. The interface between chip and indium joints, in particular, the outmost joint, is 
the main location of stress concentration and deformation for all the simulated thermal 
histories. 
 
2. The effect of ramp rate on the evolution of thermal stress/strain in the indium 
joint is observed mainly during the cooling process. Thus, a higher ramp rate induces 
higher residual stress and greater deformation. For example, 0.39% higher inelastic 
deformation occurs in indium joint during the low-temperature hold if the ramp rate 
increases from 0.5 to 2.5 K/s during the cooling stage. However, the effect tends to 
decline with the further increase in the ramp rate. For example, an additional 0.21% of 
inelastic deformation occurs to the indium joint during the low-temperature hold if the 
ramp rate increases from 2.5 to 5.0 K/s.  
 
3. In comparison between low- and high-temperature holds, greater stress 
relaxation (90%) with a lower deformation increase (1.03%) occurred at the high-
temperature hold, while for the case of low-temperature hold with the same ramp rate 
(2.5 K/s), the corresponding magnitudes were 76.4% and 2.87%, respectively. 
 
4. The effects of ramp rate and dwell time on thermal fatigue performance of 
indium joints during low-temperature cycling was compared for both creep and  
creep + plasticity analyses (see Figure 7-20). To facilitate the comparison, the predicted 
fatigue life for Profiles 2 to 4 was normalized by the value of fatigue life obtained from 
Creep analysis for Profile 1. As seen in the figure, the increase of ramp rate has a 
smaller effect than that of the long-dwell time for both types of analysis. This means 
that the high ramp rate with the long dwell could cause the shortest fatigue life. 
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Figure 7-20 Comparison of predicted fatigue life of indium joints for four different thermal 
profiles (Type C in Table 7-2) for Creep analysis and Creep + plasticity analysis 
5. The result of inelastic deformation (i.e. creep and plastic strain) obtained from 
Creep + plasticity analysis for one low-temperature cycle indicates that plastic 
deformation occurred only in the cooling process, especially below 100 K. The 
contribution of plastic deformation to the total inelastic deformation during one cycle is 
rather small compared with that of creep deformation. In comparison between Creep 
and Creep + plasticity analyses, both creep and plasticity contributions should be 
accounted together to describe deformation of indium joint under conditions of  
low-temperature hold since, for example, a 0.38% difference in the inelastic 
deformation between two analyses occurs during low-temperature hold with 0.5 K/s 
ramp rate. But, both analyses show similar results for the high-temperature hold, for 
example, a difference less than 0.05% of the inelastic deformation is found when the 
ramp rate is below 10 K/s. However, for cyclic loading involving low temperatures, the 
thermo-mechanical behaviour of the indium joint could be reasonably well described in 
terms of the analysis only assuming creep deformation, as apparent from the 
comparison presented in Figure 7-20. 
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CHAPTER 8 — Conclusions and future work 
 
 
8.1 Conclusions 
This thesis has focused on the studies of: (i) interfacial reactions and their evolution at 
the interface between pure indium and substrate during liquid-solid and solid-solid 
stages and the affects of low-temperature cycling; (ii) the effects of joint sizes and 
substrate metals on the mechanical behaviour of indium joints; (iii) the stress- and 
temperature-dependent creep behaviour and proposed constitutive equations of indium 
joints for a wide-range of temperature change. The main findings and conclusions 
include: 
 
1. The interfacial reactions of indium with a Cu substrate were investigated for 
both thin and thick joints during the liquid-state stage. Chemical bonding, identified as 
Cu9In16, was formed at the In/Cu interface during electroplating for the preparation of 
thin joints. After reflow, Cu2In was formed at the interface of the thin joints associated 
with the Cu9In16. In contrast, Cu11In9 was formed at the interface of the thick joints 
through reflow process. Thermodynamic calculations indicate the nucleation energy of 
Cu2In is lower than that for Cu11In9 when the mixing liquid near the In/Cu interface is 
Cu-rich at the studied reflow temperature. According to the dissolution equation, Cu2In 
was primarily formed in the thin joints due to the relatively faster dissolution rate of Cu 
atoms compared with the thick joints in the process of reflow. This implies the 
deposition process for joint preparation and joint size reduction will affect the 
interfacial reaction during reflow, which will subsequently influence the structural 
integrity of the solder. 
 
2. The study on the solid-state evolution of the In-Cu IMCs demonstrate that a 
dual layer, Cu9In16 + Cu2In, obtained in the thin joints evolved into single Cu11In9 in the 
subsequent room-temperature aging or Cu9In16 + Cu11In9 if the joint underwent  
low-temperature cycling prior to aging. Cu11In9 is the phase more stable at room 
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temperature, based on the thermodynamic calculations and the dual-layer IMCs tended 
to transform into the stable phase during room-temperature aging. The effect of  
low-temperature cycling on IMC evolution was considered as a thermally activated 
process. In detail, thermally-activated grain-boundary movement induced under 
repeated low-temperature cycles has an affect on the solid-state growth of the multiple 
IMC layer, such as, phase transformation and grain coarsening. Subsequently, different 
IMC structure was found between the as-reflow and thermally-cycled thin joints during 
aging. Similarly, for the thick joints, a larger increase in the thickness of Cu11In9 layer 
(more than 10 µm) was observed in the thermally-cycled joints in comparison with 
those without such thermal treatment (i.e. as-reflowed thick joints) under the same 
aging condition. Cracks were found insider the Cu11In9 layer of the thermally-cycled 
joint after aging, which can be linked to the brittleness of IMC under such critical 
thickness. A conceptual model on the interfacial reactions and evolution at the In/Cu 
interface was proposed by considering the effects of joint thickness and affects of  
low-temperature cycling. These results indicate that such low-temperature change could 
affect the IMC evolution, which may induce potential failure if the service condition 
involved such thermal change. 
 
3. The results of the interfacial reactions and evolution of indium on a Ni/Cu 
substrate represent similar tendencies for both thin and thick joints to the thick joints on 
a Cu substrate (i.e. single phase Cu11In9). After reflow, a sole Ni10In27 layer was formed 
at the interface of both thin and thick joints. Phase Ni10In27, like Cu11In9, was the 
dominant phase in In-rich solution during liquid-state reactions as well as a stable phase 
during room-temperature aging. However, the evolution of In-Ni IMCs in the In-Ni 
system during solid-state aging indicates they are less sensitive to low-temperature 
cycling. Such different responses to joint thickness and low-temperature cycling 
between the In-Ni and In-Cu systems are attributed to the lower dissolubility, reactivity 
and diffusivity of Ni atoms in the In-based solution, which can also be confirmed by the 
average thickness of In-Ni IMC under the same conditions of both liquid- and  
solid-state reactions, which is in the range of one order of magnitude smaller than that 
of the In-Cu IMC layer. These results suggest that Ni is better choice as UBM than Cu 
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regarding the less sensitivity of the In-Ni IMC characteristics to joint size reduction and 
temperature change involved low temperatures. 
 
4. The stress-strain properties of the indium joints were obtained with the 
consideration of joint size and substrate type. The typical deformation behaviour of 
indium joints under uniaxial tension consists of elastic stage, strain-hardening and 
necking. Higher strengthening was observed in the thin joints than in the thick joints 
under the same displacement rate, which is attributed to both grain-size and joint-size 
effects. With respect to the effect of substrate type, the indium joints on Ni/Cu 
metallization show higher strength than that on the Cu substrate under the same 
displacement rate. The thin joints on the Cu substrate are strain-hardened more than the 
thick ones (i.e. in terms of yield stress and ultimate strength). In contrast, the strength of 
indium joints on Ni/Cu metallization presented less of a difference between two sizes in 
comparison with the ones on the Cu substrate. The investigation and the 
characterization of IMC regarding joint thickness and substrate type demonstrated that 
it can be linked to dispersion strengthening with In-Ni IMC particles inside the thick 
joints. Hence, although the thin joints had higher hardening due to the two effects stated 
above, dispersion strengthening could be beneficial to strengthen the thick joints. A 
comparison of two important mechanical parameters indicates that the yield stress of 
indium joints is less sensitive to the increase in displacement rate compared to the 
ultimate strength, particularly in the case of the thin joints. In general, indium joints on 
Ni/Cu substrate shows higher strength than those on a Cu substrate no matter what the 
joint size is. 
 
5. Creep behaviour of the indium joints were compared by considering joint size 
and substrate type at room temperature (298 K). The results showed that the indium 
joints on Ni/Cu metallization had higher creep resistance than that on the Cu substrate. 
With regard to the effect of the joint size, the creep behaviour showed little dependence 
on them under various loads and temperatures. The stress exponent and the activation 
energy for creep obtained for a homologous temperature range of 0.69 – 0.9 with a 
certain stress level suggested that the deformation of the indium joints can be described 
using a hyperbolic-sine relationship. In order to consider the effect of a wide 
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homologous temperature range, a methodology was developed based on the assessment 
of evolution of the creep activation energy with homologous temperature. After this, a 
modified hyperbolic-sine relationship was proposed based on the varying activation 
energy for creep in order to describe the deformation behaviour of indium joints, 
covering the homologous temperature range of 0.18 – 0.96 T୫. 
 
6. The proposed constitutive model was implemented into an FE analysis to 
simulate thermally-induced stresses and strains in a hybrid pixel detector package, with 
indium micro-joints being manufactured to serve as interconnections at  
low-temperature conditions. Distributions and evolutions of thermal stresses and strains 
showed that the peripheral regions of solder/chip interfaces were the critical locations, 
where it is likely to induce failure, in particular, for the outmost joints, for all the 
simulated thermal conditions involving low temperatures. The thermo-mechanical 
analysis of indium joints during low-temperature cycling (76 K – 300 K) indicated that 
thermal fatigue occurred in the joints as such the stabilized accumulated inelastic strain 
was induced after the first cycle. 
 
7. The effects of ramp rate and dwell time on the evolution of thermal stresses and 
strains in an indium joint were compared for various thermal profiles. The results 
showed that the increase in the ramp rate mainly affected the deformation behaviour of 
the indium joint during the cooling process and low-temperature hold. Those effects 
tended to decline with the further increase in the ramp rate. Meanwhile, the thermal 
change with a high ramp rate and long dwell time can cause the shortest fatigue life 
during low-temperature cycling. The comparative analyses accounting for both creep 
and time-independent plasticity for indium joints demonstrated that the contribution of 
plastic deformation was prominent during the cooling process and at low temperatures 
dwell time. For cycling under the low temperatures, the thermo-mechanical behaviour 
of indium joints could be fairly described by only considering the creep deformation. 
8.2 Major contributions 
This systematic study has elaborated the characteristics of In-based intermetallics and 
the affects of joint thickness and types of substrates. It has also investigated the effect 
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of extreme service conditions on indium joints, associated with low-temperature 
cycling, under the cryogenic temperatures. 
 
The effects of joint size and type of substrates on the mechanical properties of micro-
scale indium joints that are commensurate in scale with the real applications were 
quantified in this study, thereby providing an investigation detailed into the change of 
the creep activation energy of indium as a function of homologous temperature. 
 
In addition, based on the evolution of the creep activation energy, a constitutive 
relationship was proposed in this work, covering a homologous temperature range of 
0.18 – 0.96, which can be used to describe the deformation behaviour of indium joints. 
This was subsequently implemented into FE analyses to evaluate thermally-induced 
stresses and strains in a hybrid pixel detector package under various conditions to 
simulate the service. 
 
8.3 Future work 
The work in this thesis can be further enhanced and extended by further investigations 
recommended as follows: 
 
1. The chemical bonding, Cu9In16, at the In/Cu interface formed during 
electroplating was only identified by SEM/EDX. Advanced microscopy technology  
(e.g. transmission electron microscopy - TEM) could be employed to elaborate the 
mechanism of its formation (e.g. lattice structure). 
 
2. The Cu2In phase was formed at the interface of the thin joints as a dual-layer 
with Cu9In16, while Cu11In9 IMC was formed for the thick joints during reflow, also, a 
competitive transformation of such dual-layer IMCs into single Cu11In9 was observed 
during aging involving low-temperature cycling. A quantitative explanation was given 
by means of thermodynamic calculations. However, a further study on the growth 
kinetics of such multiple IMC layer can be carried out as a function of reflow 
temperatures and time, and aging temperatures and the consideration of  
low-temperature cycling. It can offer a more systematic insight into the evolution of a 
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multi-layer IMC kinetically under different thermal changes, including low 
temperatures.  
 
3. The formation mechanism of Ni10In27 IMC particles inside the indium joints, the 
correlation with the morphology of IMC at the interface and the diffusive ability of 
substrate atoms can be further investigated, this will assist the understanding of the 
morphology of IMCs and their effects on the interfacial mechanical behaviour. 
 
4. Experiments can be designed to obtain deformation information during the 
micro-mechanical testing of micro-specimens, at the same time a study on mechanisms 
of such deformation at micro or even nano- scale under various temperatures using 
nanoindentation may be of interest, which can also be correlated with the effect of 
microstructure (e.g. IMC morphology and grain size) inside the joints on its mechanical 
properties. It can be beneficial to experimentally elucidate and verify dispersion 
strengthening with Ni10In27 IMC particles in plastic deformation of indium joints. 
 
5. Serrated stress-strain curves of plastic flow were observed for thermally-cycled 
joints. One explanation is that low-temperature cycling offered a thermally-activated 
process during the following testing at room temperature, which could induce 
instabilities leading to the PLC effect. In order to identify such a process, a test to 
capture grain-boundary movement is required possibly by designing a specimen that 
can be treated by low-temperature cycling prior to testing. It will be even more 
interesting to be executed in-situ, allowing low-temperature cycling to be carried out 
followed by TEM analysis at micro and nano- scale, as such one can verify the effect of 
such cycling on the evolution of IMCs during the following aging. 
 
6. Thermo-mechanical analyses indicate the interfaces between the chip and 
indium joint are the main positions for stress concentration and deformation during 
low-temperature excursion. Hence, further analysis could be carried out by introducing 
the bond pad (UBM) and the IMC layer into the FE model, which could offer more 
detailed behaviour (e.g. damage/failure) at the interface under various low-temperature 
excursions. 
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  Appendix 
 
 
In order to determine the stress range of the creep activation energy (Qୡ), the level of 
residual stress in the indium joint used in the hybrid pixel detector (i.e. Medipix 3) was 
analyzed by simulating a cooling-heating process. Elaso-plastic properties of the 
indium joint were adopted in this case with isotropic hardening. In order to account the 
effect of ramp rate on residual stress, the stress-strain curves of the thin indium joints 
on Ni/Cu metallization (see Figure A-1) obtained at two displacement rates, 0.0013 and 
0.08 mm/s, were employed to describe the rate-dependent plastic deformation. The 
strain rates at the displacement rates, 0.0013 and 0.08 mm/s, are approximately  
0.0001 and 0.0075 s-1, respectively. For elastic properties, three types of properties are 
considered: the Young’s modulus, Poisson’s ratio and CTE for both indium and silicon 
with the consideration of the change with temperature (see Table 7-1).  
 
The model geometry and boundary conditions used here for residual stress analysis are 
the same as those used in Chapter 6 (see Figure 6-2). Also, since the package 
dimensions are small, the temperature is assumed to be homogenous in the package, 
and it changes with the ambient temperature. 
 
The profile for a cooling-heating process includes ramp down and up between 300 K 
and 76 K at a given ramp rate with the starting temperature of 300 K, as given in  
Figure A-2. Two ramp rates, 0.5 and 25.0 K/s, were chosen in order to compare the 
level of residual stress under different strain rates, which can be the cases as slow and 
fast temperature changes in real application. 
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Figure A-1 Stress-strain curves of the indium joints under two displacement rates (0.0013 and  
0.08 mm/s) used for simulations (Ni/Cu substrate, 298 K) 
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Figure A-2 Temperature changes used in the simulation. Note: different axes of abscissas are used 
for different profiles  
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As stated in Chapter 5, the level of the modulus-compensated stresses was determined 
on the basis of the von-Mises stresses induced under two ramp rates, by following the 
steps below: 
 
1. Obtain the evolution of von-Mises stress (σ ) of the indium joint (Point 1 in  
Figure 6-8) with the temperature (e.g. cooling and heating process); 
2. Establish the temperature-dependent Young’s modulus (EሺTሻ) within the studied 
temperature range by using the relationship in GPa [1-2] 
 
 EሺTሻ ൌ 11.89 െ 0.03915ሺT െ 298ሻ (A-1) 
 
3. Calculate the modulus-compensated stress (σഥ) by substituting the corresponding 
values obtained in steps 1 and 2 into: 
 
 σഥൌσ/EሺTሻ (A-2) 
 
Figure A-3 (a) and (b) demonstrated the level of the modulus-compensated stress 
during cooling and heating processes, respectively. During a cooling process from  
300 K to 76 K, the level of the modulus-compensated stress can vary from 1.3×10-4 – 
2.4×10-4 to 2.6×10-4 - 3.9×10-4 when the ramp rate increases from 0.5 K/s to 25.0 K/s 
(as marked in Figure A-3 a). Comparatively, during the subsequent heating process 
from 76 K to 300 K, the value can vary between the range of 4.0×10-5 – 2.6×10-4 and 
2.3×10-4 – 4.6×10-4 when the ramp rate increases from 0.5 K/s to 25.0 K/s  
(see Figure A-3 b). Overall, the level of the modulus-compensated residual stress used 
in the thesis was chosen in the range of 4.0×10-5 and 4.6×10-4, which cover the 
amplitude of temperature change and the span of ramp rate adopted over the thesis. 
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(b) 
Figure A-3 Evolution of modulus-compensated stress of indium joint during the cooling (a) and 
heating (b) processes for both ramp rates 
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